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With the advent of genomic selection, bulls are being used in the artificial insemination 
industry during early puberty. These young bulls produce ejaculates of low volume and 
low spermatozoa concentration that are highly valued. The objective of this thesis was to 
investigate methods that best utilise the semen from young genomically-selected bulls. As 
a result of the characterisation of in vitro quality of sex-sorted (SS) and non-sex-sorted 
(NS) fresh and frozen spermatozoa there was ~40% of the SS fresh spermatozoa 
agglutinated while the SS (fresh and frozen) had lower levels of oxidative stress. Both 
motility and viability positively correlated to field fertility of SS spermatozoa, however, 
no functional assessments correlated to field fertility of NS spermatozoa. Different 
seminal plasma (SP) components were correlated to field fertility for both SS and NS 
cohorts. The effect of seminal plasma from high and low fertility bulls on the function of 
caudal epididymal spermatozoa was investigated via a number of in vitro assessments. 
Results from these assessment demonstrated a beneficial effect of SP on the motility of 
caudal epididymal spermatozoa (P<0.05). There was no effect of SP from high or low 
fertility bulls on fresh or frozen-thawed parameters assessed of caudal epididymal 
spermatozoa, or the fertilising ability of caudal epididymal spermatozoa. Seminal plasma 
reduced the osmotic resistance of caudal epididymal spermatozoa regardless of source 
form high or low fertility bull. Finally, this study sought to prolong the functional lifespan 
of spermatozoa in fresh egg yolk based diluent through the addition of antioxidants; l-
carnitine (0 to 20 mM), crocin (0 to 2 mM), α-tocopherol (0 to 1 mM), quercetin (0 to 250 
µM) and catalase (0 to 500 IU). Following 4h at 39 
o
C incubation all catalase treated 
spermatozoa had greater acrosome intact populations compared to the control. When 
fresh semen was stored in the presence of antioxidants motility, lipid peroxidation and 
membrane fluidity decreased with time but there was no effect of treatment on any other 
the in vitro parameters assessed during the storage period. In conclusion, this thesis 
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Artificial insemination (AI) is the single most important assisted reproductive technique 
which has contributed to the genetic progress of dairy cattle. Ireland predominately 
operates a seasonal grass based dairy production system (Dillon et al. 2006), whereby, 
cows are required to calve compactly early in spring synchronously with the onset of 
grass growth so as to maximise the quantity of milk solids (fat and protein) produced 
from cheap grass. Therefore, farmers require a fertile herd which can achieve a 365 day 
calving interval, this is aided through artificial insemination and the intensive use of the 
Economic Breeding Index (EBI). This is a profit based index which ranks bulls on their 
daughter’s milk production, fertility and health traits and until recently bulls breeding 
values were validated using progeny testing schemes which took 4-5 years to complete. 
However, since 2009, Ireland has implemented a genomic breeding program for dairy 
cattle, which now allows AI centres to reliably identify potential AI sires within weeks of 
birth. While this has shortened the generation interval it has also raised new challenges. 
The demand for these young genomically-selected bulls is very high and even after 
puberty they are unable to produce sufficient quantities of good quality semen to meet 
demand. While a mature bull can typically be collected 3 times per week and a good 
ejaculate will give ~500 frozen semen straws, a young ~11 months old bull can only be 
collected once per week and the ejaculate may only yield 50-100 frozen semen straws. 
Therefore, the industry needs to devise protocols which can better utilise this 
valuable semen. Given that Ireland has a condensed breeding season in which 60% of all 
dairy inseminations occur in a 6 week period in April and May, the use of fresh semen 
has a lot of potential as the spermatozoa number can be significantly reduced to enable 3-
4 times more semen straws to be produced per ejaculate. Furthermore, the use of fresh 
sex-sorted spermatozoa has recently demonstrated potential as the reduction in fertility 
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has been reported to be significantly less than that of frozen sex-sorted spermatozoa (Xu 
2014). A further challenge is that the fertility varies between bulls, irrespective of the type 
of semen used. This is despite the semen passing all quality control check in the AI centre 
(Rodriguez-Martinez 2006, DeJarnette and Amann 2010). Therefore, the focus of this 
PhD thesis was to assess novel ways to optimise the use of both fresh conventional and 
fresh-sex sorted bull spermatozoa as well as in vitro methods to predict the field fertility 
of bulls. 
1.2 Spermatogenesis 
Spermatogenesis is the complex process in which a diploid spermatogonial germ cell is 
transformed into the male haploid gamete (Hess and de Franca 2008). Its function is to 
provide the male with a continued supply of genetically diverse spermatozoa. A bull will, 
on average, produce 140 spermatozoa per second per gram of testicular tissue 
(parenchyma; Amann and Schanbacher 1983) which is equivalent to 12 x 10
6 
spermatozoa per gram of tissue per day (Amann 1981). The average paired testicle weight 
for Holstein Friesians is 766.8 ± 115.7 g (Gábor et al. 1995). 
Spermatogenesis is a continuous process that begins at the peri-pubertal period 
and continues indefinitely. Puberty occurs in the bull between 37-50 weeks of age, 
depending on both breed and the achievement of a threshold body weight (Rawlings et al. 
2008). Spermatogenesis takes place in the seminiferous tubules of the testes, and requires 
approximately 61 days in the bull (bos Taurus; Barth and Oko 1989). It can be divided 
into three stages: spermatocytogenesis (21 Days), meiosis (23 Days) and spermiogenesis 
(17 Days; Larry Johnson 1995, Parks et al. 2003). Spermatogenesis occurs in cycles, in 
the bull each of these cycles lasts approximately 13.5 Days (Figure 1; (Johnson et al. 
2000) 




Figure 1.1: The separation of the different phases of spermatogenesis into cycles 
(adapted from Johnson et al. (2000). 
 
Spermatozoa will, however, have to undergo further maturation in the epididymis 
before they are capable of fertilisation. Spermatogenesis is initiated by the cascade of 
hormonal changes that occur prior to puberty. Gonadotrophin-Releasing Hormone 
(GnRH) produced by the hypothalamus stimulates: Luteinising Hormone (LH) and 
Follicle Stimulating Hormone (FSH) secretion from the anterior pituitary gland. GnRH 
secretions in the male occur at frequent intermittent pulses throughout the day and night 
(4-8 times in 24 hours; Amann and Schanbacher 1983). GnRH pulses last a few minutes, 
whereas, the resultant LH pulses can last for 10-20 min (Senger 1997). LH stimulates the 
Leydig cells to producepregnenolone which is converted to testosterone and 
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dihydrotestosterone, a testosterone pre-cursor (Fournier-Delpech and Thibault 1993). As 
well as endocrine regulation of spermatogenesis there are specific and complex cell to 
cell interactions involving cytokines, enzymes, growth factors, transport proteins and 
regulatory factors (Russel and Griswold 1993). Within the seminiferous tubules Sertoli 
cells are in direct contact with the germ cell. Sertoli cells facilitate the progression from 
germ cell to spermatozoon by controlling the immediate environment surrounding the 
germ cells (Griswold 1998). In particular, Sertoli cells secrete stem cell factor which is 
essential for cell differentiation (Skinner 1991). They provide optimal conditions for 
spermatozoal development either in the form of physical support, junction complexes, 
barriers or in the form of biochemical stimulation (Russell 1993, Kierszenbaum 1994). 
Sertoli cell index (No. of Sertoli cells per 100 spermatogenic cells as retrieved via fine 
needle aspiration) has a strong positive correlation to pre and post-thaw spermatozoa 
motility and membrane integrity, post-thaw viability and the number of uncapacitated 
spermatozoa (Rajak et al. 2014). The number of Sertoli cells present in the testes sets the 
upper limit for maximum spermatozoa production as each cell can only support a species 
specific number of developing spermatozoa, on average 8 spermatids per Sertoli cell in 
the bull (Cheng 2009). Recent research has found that bulls with better cryo-tolorence 
have a lower Sertoli cell to spermatogenic cell ratio (1:2.3 compared to 1:7.5), inferring 
that the increased number of Sertoli cells benefits spermatozoa formation through better 
nourishment and signalling events (Rajak et al. 2014). 
Spermatocytogenesis is a phase of proliferation in which a series of mitotic 
divisions generate primary spermatocytes known as primary spermatogonia (A1; Figure 
1.2). These primary (A1) spermatogonia divide through mitosis three times in the bull to 
form quaternary (A4) spermatogonia (Fournier-Delpech and Thibault 1993). However, 
the number of mitoic divisions varies with species. These A4 spermatogonia can be 
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recycled through germ cell renewal to replace previous germ cells within the seminiferous 
tubules ensuring a constant supply for further spermatogenesis. Those that are not 
recycled back into the system progress to reproduce via mitosis giving rise to Type B 
spermatogonia (Figure 2; (Knobil et al. 1998). 
 
Figure 1.2: Transition from germ cell to spermatozoa through the seminiferous tubule 
(adapted from Alila Medical Media 2016). 
 
During meiosis, Type B spermatogonia (2n; Figure 1.2) divide firstly via mitosis 
to produce Primary spermatocytes (2n; Figure 1.2). Prophase ensures genetic diversity 
through DNA replication and also crossing over of genes to ensure that the resulting 
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gametes will be genetically unique (Fournier-Delpech and Thibault 1993, Larry Johnson 
1995). After the first meiotic division the secondary spermatocyte has a life span of less 
than two days and so undergoes the second meiotic division (meiosis II) to produce the 
spherical haploid spermatid (1n; Figure 1.3; Fournier-Delpech and Thibault 1993). 
 
Figure 1.3: Developmental cell types in the seminiferous tubule as they migrate towards 
the lumen (adapted from Quizlet 2016). 
 
During meiosis the transition from diploid to haploid renders the new spermatids 
as foreign genetic matter to the native in situ cells. Therefore, in order to avert an immune 
response, meiotic division occurs as cells traverse the blood testes barrier; which is 
formed by the junctional complexes between the Sertoli cells and peritubular cells 
surrounding the seminiferous tubules. The main function of the barrier is to prevent the 
destruction of developing germ cells via an immunological response. It does this by 
masking foreign spermatozoa antigens such that their presence is not detected by the 
macrophages and lymphocytes (Hunter 1989). Damage to the barrier, for example 
Lumen 
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through trauma or heat stress, results in the exposure of alien spermatozoa antigens to the 
immune response of the male and destruction of spermatids (Menge and Christian 1971).  
A spermatozoon is a highly specialised cell that fits the function of delivering genetic 
material to the oocyte. These specialised characteristics only become apparent, during the 
third phase of spermatogenesis known as spermiogenesis. This is a phase of 
differentiation in which the round spermatids elongate (Gadella and Luna 2014). In this 
phase the nucleus becomes condensed, the acrosome is formed and the cells gain the 
potential for motility. Spermiogenesis itself can be subdivided into four different stages: 
Golgi phase, cap phase, acrosomal phase and maturation phase (Dyce and Sack 2002).  
The first stage, the Golgi phase, is the beginning of the acrosome formation. During 
this stage the Golgi apparatus packs and fuses acrosomic vesicles together to eventually 
form the acrosome. In the second stage, the cap phase, the acrosome vesicle begins to 
stretch over the anterior end of the nucleus creating the acrosomal cap (Fournier-Delpech 
and Thibault 1993). At this point the Golgi apparatus has achieved its purpose and moves 
toward the caudal end of the spermatid where it eventually disappears and the axoneme 
now begins to protrude from the caudal end of the spermatid (Fournier-Delpech and 
Thibault 1993). The acrosomal phase allows for the acrosome to continue growing until 
the anterior two thirds of the now elongating nucleus are covered. Specialised 
microtubules form in the cytoplasm, some attach to the nucleus below the acrosomal cap 
and others will eventually form the post nuclear cap. Elongation of the spermatid is 
caused by the expulsion of excess cytoplasm from the cell (Burgos and Fawcett 1955). 
During the maturation phase unused microtubules migrate towards the tail and disappear. 
The mitochondria of the spermatid begin to cluster around the axoneme. They arrange 
into spiral formations about one third of the length of the tail from the nucleus, which will 
eventually form the mid piece of a fully differentiated spermatozoon (Hancock 1952). 
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Fully differentiated spermatozoa are released from the Sertoli cells into the lumen of the 
seminiferous tubules and are, like all cells, surrounded by a plasma membrane (Yudin et 
al. 2005). The release of the fully differentiated spermatozoon from the Sertoli cells into 
the lumen of the seminiferous tubules is known as spermiation (Larry Johnson 1995). 
1.3 Maturation of Spermatozoa in the Epididymis 
The newly formed spermatozoa emerging from the seminiferous tubules are immotile 
and, even though fully differentiated, are unable to fertilise an oocyte (Caballero et al. 
2010). Through peristaltic movement the immotile immature spermatozoa are transported 
from the rete testes, through the efferent ducts towards the caput of the epididymis. The 
epididymis is a highly convoluted tubular organ adjoined to each of the testes (Grazioli 
and Olivetti 2015). It is divided into three anatomically distinguished regions known as 
the caput (head), corpus (body) and the cauda (tail; Figure 4). It is the organ responsible 
for transport, concentration, storage and maturation of spermatozoa (Caballero et al. 
2010). 
The epididymal tube is primarily composed of an outer smooth muscle layer 
(Cleland 1957) and inner epithelium layer composed of principal, basal, narrow apical 
and halo cells (Table 1; Figure 5; Cornwall 2009).  The mixed cell type composition of 
the epididymal epithelial layer allow for multifunctional secretion, absorption, 
endocytosis, luminal fluid acidification, protection from an immune response, 
phagocytosis and antioxidant production (Cornwall 2009). 
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Figure 1.4: The positioning of the epididymis around the teste (left) and the different 
anatomical sections (right; adapted from Medicine for all 2016) 
 
Spermatozoa ‘maturation’ is the term used to describe the process in which the 
spermatozoa gain fertilising ability. Maturation entails a number of modifications to 
increase the functional integrity of the cell. The organelles of the cell mature, the 
flagellum gains forward progressive motion and further compaction of nuclear chromatin 
occurs(Cooper 2012). One example of the modifications incurred due to maturation is the 
reduction in phospholipid concentration by half from the spermatozoa entering the 
epididymis compared to the mature ejaculated spermatozoa (Poulos et al. 1973). During 
maturation the spermatozoa plasma membrane undergoes remodelling. This includes the 
loss or utilisation of phospholipids and the uptake of secreted epididymal glycoproteins 
and repositioning of lipids and proteins (Waters and White 1997, Christova et al. 2002, 
Dacheux et al. 2005, Rejraji et al. 2006). The epididymis protects the spermatozoa by 
forming a selective barrier, consisting of both physiological and anatomical parts from the 
blood. This barrier, restricts the entrance of immunoglobulins, spermatozoa antigens and 
immune cells (Mital et al. 2011) and regulates passage of molecules in and out of the 
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epididymal lumen creating favourable microenvironments at each stage of epididymal 
maturation.  
 
Figure 1.5: Cross section of epididymis showing apical (A), halo (H), basal (B) cells and 
the lumen (L; adapted from Zayed et al. 2012). 
 
Each region of the epididymis plays a separate and specific role in the sequential 
interactions of spermatozoa with specific and varied intra-luminal fluids, resulting in the 
ability of spermatozoa fertilise. The maturing and movement of the spermatozoa from the 
caput to the caudal epididymis is controlled by a combination of androgens and nervous 
system stimulation (Knobil et al. 1998). Contractions of the smooth muscle layer, 
surrounding the lumen, move spermatozoa along the duct with the muscle layer thickness 
increasing progressively as the spermatozoa move from the caput to the caudal 
epididymis. The bull epididymis can reach 40 m in length requiring 5.6 days transit 










Figure 1.6: Cross section of the epididymis (left) compared to its histological counterpart 
(right; adapted from Cornwall 2009) 
 
In order to carry out the extensive changes brought about by epididymal 
maturation each section creates a different environment. The compositional change along 
the epididymis allows for the biochemical modifications to occur sequentially (Dacheux 
et al. 2009). The change in pH varies from pH7.3 in the testis to pH6.7, 6.6 and 6.8 in the 
caput, corpus and cauda of the epididymis, respectively (Wales et al. 1966).  
Several hundred epididymal proteins have been described electrophoretically 
(Guyonnet et al. 2011).  Some of these excreted epididymal proteins function as 
membrane proteins (clusterin in the boar; Syntin et al. 1996) and others are anchored to 
the spermatozoa by glycophosphatidylionsitol residues (CD52; Kirchhoff 1996, Sullivan 
et al. 2007). Extracellular membrane bound vesicles known as epididymosomes found in 
the intraluminal compartment of the epididymis have been reported to be involved in 
protein transfer (e.g. CD52, SPAM1, GPX5; Caballero et al. 2010) to maturing 
spermatozoa (Sullivan 2015). 
1.3.1 Caput Epididymis 
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The caput is the first section of the epididymis, in which spermatozoa are still immotile. 
Movement through this section is brought about via peristaltic contractions of the smooth 
muscle layer. Spermatozoa remain in this immotile state due to low levels of cyclic 
adenosine mono-phosphate (cAMP).The concentration of cells entering the caput of the 




) due to high dilution of fluid from 
the rete testes. In the caput this rete fluid is reabsorbed, thus concentrating the 
spermatozoa population (Chan et al. 1995).  
Upon entering the caput, the spermatozoa contain a proximal cytoplasmic droplet 
(Cooper and Yeung 2003). This is the residual body of cytoplasm and is typically 
discarded as the spermatids move towards the lumen of the seminiferous tubules or is 
phagocytised by the Sertoli cells (Schäfer and Holstein 1985). Throughout epididymal 
transit, this droplet is distally trans-located and lost upon ejaculation (Barth and Oko 
1989). A large number of spermatozoa presenting with distal or proximal droplets in the 
ejaculate is a symptom of sub fertility and epididymal impairment. 
 
1.3.2 Corpus Epididymis 
The corpus is the second section of the epididymis that spermatozoa transverse and it is at 
this stage in transit that most species begin to develop fertilising potential (Dacheux and 
Paquignon 1980). The spermatozoa begin to gain a thrashing-like, uncoordinated motility 
due to an increase in cAMP concentrations (Pariset et al. 1985). This movement is 
regulated by the secretion of forward motility protein (FMP) which converts this trashing 
movement into forward motion (Acott and Hoskins 1981). 
1.3.3 Cauda Epididymis 
This is the final part of the epididymis. Together with the vas deferens, the cauda 
epididymis functions primarily in spermatozoa storage (Amann and Schanbacher 1983). 
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All components secreted by the cauda epididymis aid in the maintenance of viability and 
fertilising potential of the mature spermatozoa cells (Girouard et al. 2011). The cauda of 
the epididymis hosts a significantly higher population of clear cells compared to the 
caput, indicating a predominant role for clear cells in the storage of spermatozoa and 
acidification of the lumen (Shum et al. 2011).  
Although the epididymis creates an optimal environment, spermatozoa do not have 
an indefinite life span. Unejaculated spermatozoa are usually excreted with urine or 
gradually senesce within the caudal epididymis (Dyce and Sack 2002). Senescence of 
spermatozoa firstly decreases the ability to fertilise and then the motility of the cells 
decrease. Therefore, bulls which have not ejaculated for a prolonged period of time will 
contain a high percentage of degenerated cells in the ejaculate (Kastelic and Thundathil 
2008). 
1.4 Mature Spermatozoon Morphology 
The spermatozoon structure can play a substantial role in both fertilisation and pregnancy 
outcome (Wiltbank and Parish 1986). The function of mature spermatozoa is to transmit 
the male’s genetic material into the oocyte.  Its shape varies depending on species, but 
can be broken up into three main parts: a paddle shaped head containing the genetic 
information to be passed to the offspring in the form of a condensed nucleus and an 
acrosome containing enzymes to aid oocyte penetration, a midpiece packed with 
mitochondria for energy production and a tail (flagellum) for propulsion (Figure 1.7). A 
mature bull spermatozoon is typically 60-70 µm in length (Hancock 1952), with the head 
and midpiece accounting, on average, for 25.5 µm (Shahani et al. 2010) and 13.4 µm 
(Gravance et al. 1996), respectively, of the total length. The head of a bull spermatozoon 
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is oval shaped and dorso-ventrally flattened to a thickness of ≈0.5 µm (Hafez and Hafez, 
2000), and the width has previously been recorded as 7.3 µm (Ciftci and Zülkadir 2010). 
 
 
Figure 1.7: The morphology of a mature spermatozoon (Villarreal 2006 ) 
 
The spermatozoon head gains its hydrodynamic shape during the third phase of 
spermatogenesis, namely spermiogenesis. The chromatin condenses and the nucleus shifts 
towards the cell surface while the cell elongates. This is triggered by a continuous 
expulsion of cytoplasm containing, no longer required, organelles (Burgos and Fawcett 
1955, Ward 2011). The mid piece of the bull spermatozoon is particularly flexible due to 
laminated columns which aid the motility of the cell (Fournier-Delpech and Thibault 
1993). Around these laminated columns are the mitochondria, wrapped in a helical 
fashion; these will supply the spermatozoon with energy through aerobic respiration and 
power the flagellum (Hancock 1952, Tanaka and Baba 2005). In bull spermatozoa, of the 
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adenosine triphosphate (ATP) produced, 60% is used in powering motility and the 
remaining 40% is used in substrate cycling. However, this varies with species. The 
flagellum beats in a rotational symmetric helicoid motion (Ishimoto and Gaffney 2015) 
and is comprised of a capitulum, middle piece, principal piece and a terminal piece.  
 
1.4.1 Abnormalities 
Spermatozoal defects and abnormalities (Figure1.8) are caused by numerous factors 
including genetics, animal health as well as poor handling during the process of semen 
collection. Spermatozoa abnormalities, though typically only affecting for 15% of the 
ejaculated population, have long been associated with male sub- and in-fertility 
(Chenoweth 2005). Genetic defects are those that have a genetic mode of transmission 
and can also occur in the absence of a clinically or environmentally discernible cause 
(Chenoweth 2005). These genetic defects, or abnormalities, can be sub divided in to 
major and minor categories, based on their effect on male fertility (Blom 1972).  
Abnormal spermatozoa may reduce male fertility based on one of three modes of 
action. They may either inhibit or reduce the ability of the spermatozoa to (a) reach the 
site of fertilisation, (b) fertilise the oocyte or (c) sustain embryonic development 
(Chenoweth 2005, Enciso et al. 2011). Some defects are known as compensable traits as 
they can be overcome by increasing spermatozoa number per insemination straw 
(Sullivan and Elliott 1968). However, defects leading to failed fertilisation or the inability 
to maintain a pregnancy are deemed uncompensable, whereby increasing spermatozoa 
number per insemination straw will not improve fertility (Saacke 2008). 




Figure 1.8: Different morphological abnormalities found in DNA-fragmented bull 
spermatozoa cells. (A) round head, (B) neck bent tail, (C) decapited head, (D) short tail, 
(E) whip tail, (F) bent tail, (G) coiled tail, (H) normal, (I) terminally coiled, (J) dag defect, 
(K) small abnormal head, (L) double form. Scale bar—5 μm. (Enciso et al. 2011) 
 
1.4.2 Acrosome 
The acrosome is a membrane bound lysosome-like organelle, containing enzymes that are 
needed to break through the zona pellucida of the oocyte at fertilisation (Fournier-
Delpech and Thibault 1993). It is a sac-like structure surrounded by an inner and outer 
acrosomal membrane containing the acrosomal contents (Tulsiani et al. 1998).The 
acrosome is formed during the third part of spermiogenesis. The cap-like structure 
originates from Golgi-derived granules and is situated over the anterior half of the 
head (Tulsiani et al. 1998). The acrosome houses a host of enzymes needed to 
successfully fertilise the oocyte. In particular, there are glycohydrolases and proteinases 
along with some esterases, sulfatases, phosphatases and phospholipases (Zaneveld and De 
Jonge 1991). Glycohydrolases are highly substrate specific and, under in vivo conditions, 
work in a cascade like sequence in such that the product of the first enzymatic cleavage 
becomes the substrate for the next enzyme (Tulsiani et al. 1998). A number of proteinases 
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have been identified in the acrosome, however, the most studied is acrosin and its 
precursor, proacrosin (Howes and Jones 2002, Paudel et al. 2010). Acrosin, present 
primarily (85-90 %) as proacrosin in ejaculated bull spermatozoa (Cormier and Bailey 
2003), is capable of recognizing and penetrating the zona pellucida. Acrosin is thought to 
play a role in spermatozoa-zona pelllucida binding and also in the penetration of the zona 
pellucida via the proteolytic cleavage of zona glycoconjugates (Saling 1988). Although 
the mechanism for fertilisation is complex and results from a number of acrosome-
dependant and independent factors, it is imperative that the spermatozoon acrosome is 
fully functional and intact upon reaching the oocyte in order for successful fertilisation to 
occur. 
 
1.1.3 Plasma membrane 
Spermatozoa, as in all eukaryotic cells, are enclosed by a plasma membrane. The 
fundamental structure of the membrane is the phospholipid bilayer, generally composed 
of lipids and proteins with phospholipids accounting for approx. 50% of the membrane 
(Flesch and Gadella 2000, Lenzi et al. 2000). Due to the high content of lipids and 
polyunsaturated fatty acids (PUFA’s) in the structure it is highly susceptible to oxidative 
stress and lipid peroxidation. However, these PUFA’s play an important role in both 
membrane fluidity and flexibility, and thus flagellar movement (Safarinejad et al. 2010). 
The primary function of the plasma membrane is to regulate and facilitate the transport of 
molecules in and out of the cell. Of particular interest are the mechanisms by which Ca
2+
 
ions are transported across the membrane due to the role of calcium influx in important 
motility and other cellular processes needed for successful fertilisation (Bejarano et al. , 
Morales et al. 2000). Concurrent with calcium influx the loss of fatty acids and 
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cholesterols increases membrane fluidity of the spermatozoon plasma membrane, 
initiating the events that will later prepare the spermatozoa membrane for fertilisation. 
The plasma membrane has many roles during the transition from immature to mature 
spermatozoa. During epididymal maturation, the plasma membrane undergoes extensive 
remodelling when compared to its spermatid predecessor (Guyonnet et al. 2011). 
However, ejaculated spermatozoa are unable to successfully fertilise the oocyte until the 
plasma membrane, again, undergoes remodelling during its transit of the female tract, in 
the process known as capacitation. It is therefore of upmost importance that the 
spermatozoa plasma membrane remains intact and fully functional for successful 
fertilisation to occur. 
1.5 Seminal Plasma 
Seminal plasma (SP) is the transport medium in which spermatozoa are delivered to the 
female reproductive tract during natural mating. It is the combination of fluids excreted 
from the rete testes, epididymis and male accessory sex glands (bull; one prostate gland, 
two seminal vesicles, two ampulla and two bulbourethral glands) that forms the fluid 
fraction of semen.  SP is a complex secretion of inorganic ions, sugars, organic salt, 
lipids, enzymes, prostaglandins, proteins and various other factors (Figure 1.9; Maxwell 
et al. 2007).  However, SP varies in metabolite concentration (i.e. protein profiles, amino 
and fatty acids) between species (Aumuller and Seitz 1990, Druart et al. 2013) and even 
between males of the same species (Rodríguez‐Martínez et al. 2011).  
Upon ejaculation, in the vagina of the cow, the SP progresses no further that the 
cervival opening (Bedford 2015), however, the SP coats the spermatozoa (Aumuller and 
Seitz 1990). There has been 89 proteins described in bull SP, 80% of which having a 
molecular weight below 25 kDa (Druart et al. 2013). Two of these proteins, Nucleobindin 
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1 and seminal vesicle RSVP14, have also been identified in SP across a number of 
species including boar, ram, stallion and camel (Druart et al. 2013). Although it becomes 
highly diluted in the female tract, SP initially bathes the spermatozoa causing the binding 
of proteins to the plasma membrane. Some proteins are involved in the establishment of 
the spermatozoa population in the isthmus of the oviduct (Hung and Suarez 2012), 
particularly bovine SP proteins (BSP’s), such as BSP3 and BSP5, formerly known as 
BSP-A3 and BSP-30-kDa, which have previously been identified as aids to spermatozoa 
binding to the oviduct epithelium (Gwathmey et al. 2006). Other SP proteins function in 
the cholesterol efflux of the plasma membrane (Thérien et al. 1998). Upon ejaculation 
approximately 5-8% of cholesterol is lost from the spermatozoa plasma membrane 
(Juyena and Stelletta 2012), and continuous exposure of the spermatozoa to SP will cause 
further efflux of cholesterol and efflux of phospholipids from the plasma membrane and 
therefore render the spermatozoa very sensitive to oxidative stresses (Manjunath et al. 
2006). Bicarbonate, present at 12.4 mN in bull (Wales et al. 1966) SP, is a key effector of 
the cholesterol efflux (Leahy and Gadella 2015). 
One of the major metabolic substrates in SP is fructose, as it acts as an energy 
source for spermatozoa (Bromfield 2014). However, if fructose, or other oxidisable 
carbohydrates are unavailable to spermatozoa, then phospholipids may be used for energy 
production (Juyena and Stelletta 2012). SP is also rich in antioxidant enzymes such as 
superoxide dismutase and catalase (Zini et al. 1993, Garrido et al. 2004) which combat 
any negative effects of metabolic reactive oxygen species (ROS). Although required at 
basal levels for general cell function, spermatozoa are particularly susceptible to the 
negative effects of ROS. A major source of ROS in the ejaculate is from dead or damaged 
spermatozoa, via an aromatic amino acid oxidase catalysed reaction (Juyena and Stelletta 
2012). 
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In the bull, detrimental effects of extended incubation in SP have been reported 
(Manjunath et al. 2006). The prolonged association/contact of bovine seminal plasma 
proteins (BSP) with the spermatozoa destabilise the plasma membrane due to the efflux 
of phospholipids and cholesterol, which occurs in a time dependant manner (Thérien et 
al. 1998, Thérien et al. 1999). There are noted differences in the metabolism 
(Hammerstedt 1981) and membrane integrity (Hammerstedt et al. 1979) of ejaculated 
versus epididymal spermatozoa. It may be postulated that these changes are carried out or 
evoked by SP (Henault et al. 1995). Furthermore, it has been suggested that exposure to 
SP enhances the spermatozoa ability to undergo the acrosome reaction, as the frequency 
of acrosome reaction occurring in epididymal spermatozoa was lower than that occurring 
in ejaculated spermatozoa. In addition, in vitro epididymal spermatozoa need SP and 
heparin exposure to reach similar levels of acrosome reacted spermatozoa to that of 
ejaculated spermatozoa (Miller et al. 1990).  
Although a beneficial effect of SP on fertilisation rate has been reported, SP is not 
necessarily required for fertilisation to occur. Successful fertilisation has been recorded 
both in vitro and in vivo using epididymal spermatozoa, which has not been in contact 
with the secretions of the accessory sex glands (human; Temple-Smith et al. 1985, boar; 
Kikuchi et al. 1998 and mouse; Bromfield et al. 2014). However, cauda epididymal 
spermatozoa incubated in fluid from the accessory sex glands generated significantly 
more oocyte penetrations than un-incubated spermatozoa (Henault et al. 1995). In mice it 
was found that pregnancies that occurred in the absence of SP gave rise to progeny with 
altered metabolic profiles, obesity and hypertension (Bromfield et al. 2014). These 
metabolic alterations are believed to be due, in part, to differences in the peri-
conceptional environment and oviduct expression of embryo trophic cytokines. 
  




Figure 1.9: A model of seminal plasma (SP) constituents and functions. The model 
focuses on the main components of SP and their functions on spermatozoa. PM indicates 
plasma membrane; AST, aspartate amino transferase; ALT, alanine aminotransferase; 
ALP, alkaline phosphatase; LDH, lactate dehydrogenase; LPO, lipid peroxidation; ROS, 
reactive oxygen species; ET, epithelium (Juyena and Stelletta 2012) 
The presence of SP in the female tract has been shown to induce an inflammatory 
response (Odhiambo et al. 2009). This inflammatory response can be attributed to SP and 
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not the actual spermatozoa (Robertson et al. 1996), as seminal fluids target the epithelial 
cell layer of the cervix and uterus, thus inducing the expression of pro-inflammatory 
cytokines (Robertson et al. 1997). Furthermore, it has been postulated that exposure of 
the female tract to SP could influence subsequent events in the female tract, such as 
preparation of the uterine environment, to promote conception and successful pregnancy 
(O'Leary et al. 2004, Robertson et al. 2005, Robertson 2007). 
1.6 Spermatozoa Interactions within the Female Reproductive Tract 
The site of deposition of spermatozoa upon ejaculation varies with species; the bull, for 
example, naturally ejaculates into the cranial vagina of the cow (Senger 1997). However, 
spermatozoa are deposited intra-utero during AI. The in vivo uterine environment is 
sterile, but at insemination there is a potential influx of microorganisms and pathogens 
from the external environment. Therefore, at insemination (natural or artificial) there is a 
strong immune response from the female to avoid environmental pathogens colonising 
the female tract. Most notably there is a surge in the migration of neutrophils (phagocytic 
white blood cells) to the mucosa of the tract, especially the uterus and vagina. These 
neutrophils will actively phagocytose any foreign organisms within the tract, including 
the ‘foreign’ spermatozoa. Phagocytosis, along with retrograde transport of spermatozoa 
are the two main causes of spermatazoal loss within the female reproductive tract 
(DeJarnette et al. 1992, Suarez 2006). Retrograde transport, in this instance, refers to the 
flow of reproductive tract secretions to the vagina and eventually the external 
environment. During AI the vagina is bypassed, so too are the majority of the 
phagocytosing neutrophils, allowing for a lower concentration of spermatozoa to be used 
for successful insemination. However, retrograde transport will occur regardless of the 
site of deposition (Hopper 2014). 





Transport of spermatozoa through the female tract occurs in three phases. Firstly rapid 
transport; immediately post insemination, natural or artificial, a subpopulation of 
spermatozoa can be found in the oviduct (Overstreet and Tom 1982). However, these 
spermatozoa need to undergo capacitation within the female tract before spermatozoa are 
able to successfully fertilise the oocyte (Suarez 2006). This population of the oviduct post 
ejaculation is most probably due to muscle contractions of a longitudinal smooth muscle 
in the female tract. The second phase is colonisation, whereby seminal reservoirs in the 
cervix, utero-tubular junction and isthmus are populated by viable spermatozoa before the 
majority of the remaining spermatozoa are removed from the reproductive tract via 
retrograde mucus transport and/ or phagocytosis (Rodriguez-Martinez 2007).  
The cervical epithelium secretes a mucus gel that plays a central role in spermatozoa 
migration. This mucus gel is made up of mucins; which are large glycosylated 
glycoproteins with highly glycosylated domains separated by hydrophobic peptide chains 
(Druart 2012). Sulfomucin and sialomucin are two mucins of particular interest which 
affect spermatozoa transport (Figure 11). Sulfomucin, mainly found in the primary folds 
of the cervix (Pluta et al. 2011), is highly viscous and together with muscular contractions 
move spermatozoa towards the cervix/ vagina. Conversely, sialomucins colonise the 
spermatozoal reservoirs, or secondary indentations (Pluta et al. 2011), of the cervix 
providing a ‘privileged’ pathway for spermatozoa to transverse the cervix (Figure 1.10). 
The majority of spermatozoa populating these reservoirs maintain their fertilisation 
potential until the third phase of transport, which is known as the slow release phase. 
During the slow release phase spermatozoa are released into the ampulla of the oviduct 
either shortly before ovulation or as a continuous stream during the peri-ovulatory period.  




Figure 1.10: Flow of mucins (sialomucin and sulfomucin) as secreted from the mucosa of 
the cervix (adapted from (Senger 1997; PP- privilaged pathways) 
 
The transport of spermatozoa in the female tract is primarily due to elevated tone and 
motility of the endometrium which is brought about by oestradiol, secreted by the 
dominant follicle as well as spermatozoa bound prostaglandin (PG), such as PGF2α and 
PGE1 found in SP. These smooth muscle contractions are paramount to the progression 
of spermatozoa through the female tract (Kunz et al. 1996) and are notably increased 
around ovulation compared to the luteal phase (Hawk 1987). The motility of the 
spermatozoon plays only a minor role in spermatozoa transport to the site of fertilisation 
in the oviduct. This is primarily due to the reduced ability of spermatozoa to swim against 
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the strong ciliary current produced by the oviductal epithelium (Kölle et al. 2009). 
However, when spermatozoa finally reach the oviduct they can increase their transport 
speed by stimulating PG (PGE2 and PGF2α) secretion from the oviductal epithelial cells 
(Kodithuwakku et al. 2007), thus increasing muscular contractions (Wijayagunawardane 
et al. 2001). 
 
1.6.4 Spermatozoa Binding to the Oviduct Epithelium 
The oviduct of the female reproductive tract can be divided into three different segments, 
each with a different function. These segments are the uterotubal junction (UTJ), the 
isthmus and the ampulla (Suarez 2008). The UTJ provides a barrier from potential 
pathogenic uterine microbes whilst also regulating spermatozoa progression through the 
oviduct via the formation of a ‘sperm’ reservoir (Suarez 2008). These storage reservoirs 
are typically formed by mucosal folds in which the spermatozoa are bound to the 
epithelium (Hunter 1981, Suarez 1987). In the cow these mucosal folds form a cul-de-sac 
facing back toward the uterus, seemingly designed to prevent further ascent of the 
spermatozoa through the oviduct (Yániz et al. 2000). The UTJ lumen of the cow is also 
filled with mucus which may aid in maintaining spermatozoa viability (Suarez et al. 
1997). 
Spermatozoa reservoirs function in the prevention of polyspermic fertilisation 
(Polge et al. 1970, Hunter and Leglise 1971, Hunter 1972), provision of a favourable 
environment for the completion of capacitation (Hunter and Hall 1974) and a safe haven 
free of leukocytes (Rodriguez‐Martinez et al. 1990). They also ensures that there is a 
continuous flow of viable spermatozoa in the oviduct until ovulation occurs (Suarez 
2008). The formation of bovine oviduct spermatozoa reservoirs is mediated by a fucose 
binding protein present both on the spermatozoa membrane and in SP (Ignotz et al. 2001). 
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Non-capacitated bull spermatozoa bind fucose to the peri-acrosomal plasma membrane, 
whereas post capacitated spermatozoa lose their affinity to fucose (Suarez et al. 1998, 
Revah et al. 2000). 
Whilst held in these reservoirs, spermatozoa remain viable and functional and bull 
spermatozoa incubated in vitro with oviductal epithelial cells exhibit prolonged viability 
compared to those incubated in media alone (Pollard et al. 1991, Kodithuwakku et al. 
2007). There are many hypothesised reasons for extended viability within these 
reservoirs. One suggestion is that catalase, found in the cow oviduct, protects against 
peroxidative damage (Lapointe et al. 1998). Another is that BSP1, previously known as 
PDC-109, a 16 kDa BSP, stabilises the membrane by reducing fluidity and immobilising 
cholesterol (Greube et al. 2001). Regardless of this, the binding of spermatozoa to bovine 
oviductal epithelial cells (BOEC) increases intracellular Ca
2+
 levels, thus enhancing cell-
to-cell communication (Ellington et al. 1993), resulting in the direct alterations of cell to 
cell interactions which are potential candidates involved in spermatozoa-oviduct 
communication, creating the optimum survival environment (Bauersachs et al. 2003, 
Bauersachs et al. 2004, Kodithuwakku et al. 2007). 
The presence of the oocyte in the oviduct initiates the detachment of spermatozoa 
from the spermatozoal reservoirs (Heriberto, 2007). There are two predominant theories 
as to the mechanisms responsible for the release of spermatozoa from these reservoirs. 
Firstly, is the modification of the spermatozoa resulting in the loss of binding sites 
(Suarez 2008). This may be as a result of capacitation, as capacitated spermatozoa exhibit 
a lower affinity to the oviductal epithelium (Ignotz et al. 2001). Uncapacitated 
spermatozoa exhibit a flat planar swimming pattern, hypothesised to increase binding 
possibilities to the oviductal epithelial cells (Miki and Clapham 2013). Conversely, the 
swimming pattern exhibited by capacitated spermatozoa is rotational, hyperactivated and 
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asymmetrical flagullar (Suarez and Ho 2003, Miki and Clapham 2013a) due to Ca
2+
 
influx (Marquez and Suarez 2004). The propulsive force of this may overcome the 
attraction of the spermatozoa to the epithelium. In a study by Demott and Suarez (1992) 
hyperactived mouse spermatozoa were observed detaching themselves from the oviductal 
epithelium, whereas, non-hyperactivated spermatozoa remained attached. Most likely 
detatchment is a combination of extrinsic protein loss during capacitation and 
hyperactivation that function in the release of spermatozoa from the reservoirs. 
 
1.6.2 Capacitation 
Upon ejaculation, spermatozoa are unable to fertilise the oocyte, they must first reside in 
the female tract undergoing physiological changes to attain fertilising ability. 
Capacitation involves the removal or alteration of the protective coating on the 
spermatozoa, steroids and non-covalently bound seminal glycoproteins (Fournier-Delpech 
and Thibault 1993). Capacitation is a lengthly process that is initiated in the uterus and is 
completed in the oviduct. The process functions to expose specific zona pellucida binding 
proteins needed for fertilisation. Capacitation is a gradual event taking place over a 
number of hours and is considered a pre-requisite for fertilisation (Stival et al. 2016). The 
events of capacitation result in altered plasma membrane structure and increased 
membrane fluidity which will modulate flagullar activity and, ultimately, aid in the 
spermatozoa fusing with the oocyte (Harrison 1996). In vivo the process occurs 
progressively as spermatozoa progress along the female genital tract. The oviduct 
functions not only as a site of fertilisation and initial zygote development, it also 
preserves the fertile lifespan of spermatozoa and the oocyte. Heriberto (2007) reported 
that the oviductal fluid of the ampulla of the cow had more of a capacitating-inducing 
capacity than fluid for many other areas of the tract. Capacitation does not occur until the 
S.A. Holden  Chapter One 
29 
 
spermatozoa are exposed to specific effectors such as bicarbonate in the bull. 
Capacitation, in vivo, is irreversible and therefore, a continuous supply of capacitated 
spermatozoa is needed in the ampulla to ensure successful fertilisation. This is where the 
oviductal reservoirs are even more imperative to successful fertilisation.  
 
 
Figure 1.11: Changes in membrane bound moieties as spermatozoa transverse the male 
and female reproductive tracts (adapted from Leahy and Gadella (2011) 
 
During capacitation spermatozoa shed proteins which they had bound previously 
in the epididymis and SP (Figure 12). Spermatozoa bound moieties are then exposed to 
lipid binding components in the female luminal fluids, particularly in the oviduct (Töpfer‐
Petersen et al. 2002). This results in the removal of membrane bound cholesterol, which 
increases membrane fluidity. The enhanced fluidity allows for the uptake of Ca
2+
, an 
increase in tyrosine phosphorylation, lipid scrambling and reorganisation of the plasma 
membrane. The uptake of extracellular Ca
2+
 is one of the most important processes 
associated with capacitation as this rise in intracellular Ca
2+
 stimulates adenylate cyclase 
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thus raising intracellular levels of cAMP. During the reorganisation of the plasma 
membrane the spermatozoa specific glycoprotein seminolipid is relocated from the apical 
area of the head to the equatorial region. This destabilisation of the apical region 
membrane now renders the spermatozoa capable of the acrosome reaction. Concurrent 
with capacitation is tyrosine phosphorylation of flagellular proteins (Nassar et al. 1999). 
Tyrosine phosphorylation, the addition of a phosphate (PO4
3−
) group to the amino 
acid tyrosine on a protein, has previously been observed during capacitation with levels of 
phosphorylation increasing over time (Naz and Rajesh 2004). 
 
1.6.3 Hyperactivation 
Post capacitation, spermatozoa switch from a linear rotation of their flagellum to a more 
frenzied movement pattern known as hyperactivation (Breininger et al. 2010). Flagullar 
amplitude increases in an asymmetrical fashion resulting in a figure-8 swim pattern 
(Morales et al. 1988) and also allows for greater flexibility in movement (Suarez et al. 
1983). However, viscosity of the swimming medium must also be taken into account. 
Mucus, in which the spermatozoa are transported through in the female tract is much 
more viscous than SP, or typical saline media (phosphate buffered solution; PBS). The 
increased viscosity not only increases resistance to spermatozoa, thus increasing energy 
expenditure (Ford 2006), but aslo affects their ability to swim.  
Hyperactivation is triggered by an intracellular rise in pH (Ho and Suarez 2001) 
and an influx of Ca
2+
 ions from the extracellular environment (Foresta and Rossato 1997, 
Marquez and Suarez 2004). Recent work, in a number of mammals, has identified a 
family of voltage gated Ca 
2+
 channels, known as CatSper channels, as mediators of 
hyperactivation (human; Kirichok et al. 2006, Strünker et al. 2011, mouse; Qi et al. 2007 
and horse; Loux et al. 2013). Hyperactication induces the release of spermatozoa from 
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oviductal reservoirs (Demott and Suarez 1992) and also aids in spermatozoa penetration 
of oviductal luminal mucus. The upper regions of the oviduct are typically more alkaline 
(approx. pH 7.6), due to greater levels of bicarbonate thus stimulating the opening of pH 
gated Ca
2+
 channels. The hyperactivity has also been associated with zona pellucida 
penetration as spermatozoa from mice unable to hyperactivate are also reported as being 
unable to penetrate the zona pellucida(Ren et al. 2001, Quill et al. 2003).   
 
1.6.5 Taxis 
The movement of spermatozoa from the uterus to the oviduct is primarily carried out 
passively via waves of uterine contraction (Eisenbach and Giojalas 2006). This movement 
does not, however, guide spermatozoa towards the ovulated oocyte, this guidance is 
carried out by ‘taxis’. Taxis is the movement of the spermatozoa, characterised by a 
directional change, in response to a stimulus. The guidance mechanisms proposed to 
occur in the oviduct include chemotaxis, thermotaxis and rheotaxis (chemical, heat and 
fluid flow stimuli, respectively), whereby, spermatozoa respond to the oestrus/ ovulation 
dependant generation of these stimuli (Pérez-Cerezales et al. 2015). 
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Figure 1.12: The forms of taxis and their regions of effectiveness in the female tract 
(human; adapted from Bahat et al. 2003) 
 
At ovulation the oocyte, encased in a cumulus cell complex, migrates down the 
ampulla of the oviduct (Talbot et al. 2003). It is hypothesised that the cumulus cell 
interaction with oviduct epithelial cells initiates the chemotactic response guiding 
spermatozoa to the ovulatory oviduct. This chemotactic guide for spermatozoa is 
supported by evidence that a greater population of spermatozoa are found in the 
ipsilateral oviduct compared to the population found in the contralateral oviduct (Kölle et 
al. 2009, Caballero et al. 2014). Chemotaxis is the movement of cells in the direction of a 
chemical or chemoattractant. Chemotaxis is a short distance response, estimated to occur 
in the order of milimeters due to the peristaltic disturbances to concentrations at greater 
distances (Bahat et al. 2003). In the mouse and human, progesterone and follicular fluid 
have been identified as chemoattractants (Eisenbach 1999, Pérez-Cerezales et al. 2015). 
The attractant response during chemotaxis consists of a delay and a turn phase. As 
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spermatozoa swim in an ascending gradient they are continuously stimulated to swim in a 
straight fashion. However, once they stop sensing the gradient they adapt their movement, 
swimming more linearly, interrupted by occasional sessions of hyperactivation in order to 
turn until they return to the gradient (Pérez-Cerezales et al. 2015). This is a similar 
mechanism to that in thermotaxis, which is the directed movement of spermatozoa up an 
ascending temperature gradient. It has been shown that spermatozoa (human and rabbit) 
can detect a 0.5
o
C difference in temperature (Bahat et al. 2003). When spermatozoa 
experience a temperature drop there is a drop in the straightness of their swimming 
combined with a decrease in velocity parameters (Boryshpolets et al. 2015). Both 
thermotaxis and rheotaxis, are long distance response mechanisms (Figure 1.12). Positive 
rheotaxis is a mechanism that directs spermatozoa to swim upstream against a fluid flow 
(El-Sherry et al. 2014). Secretions of oviductal fluids in vivo, combined with convection 
currents created by the temperature gradient further creates an outward flow for which the 
spermatozoa can swim against (Miki and Clapham 2013). When in a current of oviduct 
fluid, spermatozoa encounter tangential forces which become stronger if they swim 
perpendicular to the flow, thus actively re-orientating the spermatozoa against the flow 
(Miki and Clapham 2013). In the case of both thermo- and chemotaxis, only capacitated 
spermatozoa are responsive (Bahat et al. 2003, Eisenbach and Giojalas 2006), whereas, 
about half or more of spermatozoa are rheotactically responsive regardless of capacitation 
status (Miki and Clapham 2013).   
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1.6.6 Acrosome Reaction and Fertilisation 
The final stage of capacitation is the acrosome reaction. The acrosome is a golgi derived 
lysosome like organelle formed in the early stages of spermiogenesis (Abou-Haila and 
Tulsiani 2000). It forms a cap like structure over the apical head of the spermatozoon 
membrane. However, acrosomal shape varies with species (Abou-Haila and Tulsiani 
2000). The exocytoic process known as the ‘acrosome reaction’ is a necessary 
prerequisite for successful fertilisation in many mammalian species (Yanagimachi 2011) 
as the acrosome is involved in both spermatozoon attachment to and penetration of the 
zona pellucida. Similar to capacitation, the acrosome reaction is intracellular Ca
2+
 
concentration dependant. However, Ca
2+
 concentration needed for the acrosome reaction 
is considerably greater than that required for capacitation (Fraser 1998, Florman and 
Ducibella 2006). The acrosome reaction renders the spermatozoon capable of fertilisation 
as it exposes the necessary zona pellucida binding proteins (e.g. ZP3 receptor, proacrosin) 
on the surface of the spermatozoon.  
The acrosome reaction is induced upon immediate contact between the zona pellucida of 
the oocyte and the spermatozoon. The acrosome reaction initiates and facilitates zona 
penetration via the orderly fusion of the spermatazoal membrane with the outer acrosomal 
membrane in a process known as vesicilation (Suarez 2006). Vesicilation exposes the 
equatorial segment of the spermatozoa so it can later fuse with the plasma membrane of 
the matured oocyte. The acrosomal enzymes begin to penetrate the surrounding cumulus 
cells and glycoproteins of the zona pellucida (Breitbart and Spungin 1997, Gahlay et al. 
2010). Post vesicilation, the contents of the acrosome, primarily the enzyme acrosin, 
disperse leaving behind the spermatozoon nucleus and inner acrosomal membrane. This 
digestion of the zona pellucida, forms a tunnel for the spermatozoon to pass through. This 
leaves the zona pellucida as intact which is necessary as the structure prevents 
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blastomeres from separating during early embryogenesis (Fournier-Delpech and Thibault 
1993). 
The acrosome releases acrosin, an enzyme that hydrolyses the zona pellucida 
membrane. In its inactive state, acrosin is known as proacrosin, which has a high affinity 
for zona glycoproteins, effectively aiding in the attachment stage of fertilization (Knobil 
et al. 1998). Other enzymes released include hyaluronidase, which aids in cumulus cell 
dispersal, and neuraminidase, which causes zona pellucida hardening (Lay et al. 2011, 
Zaneveld and De Jonge 2013). Spermatozoa may undergo the acrosome reaction 
spontaneously due to intra- and extra- cellular stimulants (Shi and Roldan 1995, Kim and 
Gerton 2003). As this exocytoic process is irreversible, the consequence of premature 
reaction is the inability to fertilise an oocyte (Mayorga et al. 2007). 
Upon the fusion of the gametes, the oocyte is activated. Oocyte activation refers to 
the series of reactions that the oocyte undergoes during fertilisation, the first of these 
being the cortical reaction. The cortical reaction refers to a cascade of processes that 
occurs at oocyte penetration resulting in the formation of the female pronucleus, release 
of meiotic arrest and the exocytosis of cortical granules, formed during oocytogenesis, 
into the perivitelline space and hardening of the zona pellucida, thus preventing 
polyspermy (Figure 1.13). In mammals polyspermy generally leads to developmental 
failure and spontaneous abortion. At fertilisation, the spermatozoon causes the generation 
of secondary messengers, including inositol 1,4,5, triphosphate (IP3) and diacylglycerol. 
Iinositol 1,4,5, triphosphate mediates the release of intracellular Ca
2+
 thus giving way to 
the exocytosis of specialised oocyte organelles, cortical granules and thus the cortical 
reaction (Abbott et al. 1999). Immature oocytes cannot block polyspermic penetration as 
cortical granule translocation to the membrane has yet to occur (Yanagimachi 1994). 
Diacylglycerol generation at fertilisation specifically targets Protein Kinase C, which 
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participates in the acrosome reaction (Breitbart et al. 1997).  The acrosome intact 
spermatozoon covalently binds to ZP3, one of the three glycoproteins making up the zona 
pellucida; the others being ZP1 and ZP2. During vesicilation of the acrosome the inner 
acrosome membrane binds to ZP2. Cortical granule exudates modify the glycoproteins 
ZP2 and ZP3 to ZP2f and ZP3f decreasing the solubility of the zona pellucida, thus 
preventing polyspermy (as reviewed by Sun 2003). Other proteinases, trypsin-like 
proteinase, cortical granule proteinase and tissue-type plasmoinogen activator, released at 
fertilisation also act to modify the zona pellucida to block polyspermy (as reviewed by 








Figure 1.13: Sequential events of the cortical reaction, from first spermatozoon 
interaction to the eventual fusion of the spermatozoon and oocyte neuclei (Campbell et al. 
2008) 
 
Production of the male pronucleus occurs when the spermatozoon nucleus enters 
the cytoplasm of the oocyte as the nucleus undergoes decondensation of the tightly 
packed chromatin. Decondensation occurs due to the reduction of disulphide bonds 
between protamines (Kupker et al. 1998). When the spermatozoon has passed through the 
zona pellucida to the perivitelline space, spermatozoon plasma membrane proteins will 
recognize and bind the complementary molecules on the oocyte's oolema, leading to 
membrane fusion and thus fertilization (Kouba et al. 2001). The point of fertilisation is 
marked as the fusion of the male and female pro nuclei, this fusion is known as syngamy 
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and results in the newly formed zygote (2n). Syngamy marks the end of fertilisation, as a 
process, and the beginning of early embryonic development. 
 
1.6.7 Early Embryogenesis 
Proteins and ribonucleic acids (RNA) inherited from the oocyte and spermatozoon control 
initial embryo development (Spencer 2013). The division of the zygote is known as 
cleavage. Previous work by Zhang et al. (1997) has deomnstrated that a time to first 
cleavage has been shown to positively correlate to field fertility. Time to first cleavage is 
also bull dependant (Ward et al. 2001) as the maternal genotype is thought not to be 
involved in regulating the timing to the onset of the first deoxyribonucleic acid (DNA) 
replication (Comizzoli et al. 2000). 
Mitotic divisions and cytokinesis, or cleavage, of the zygote forms totipotent 
blastomeres still encased in the zona pellucida. As the conceptus is still confined to the 
zona pellucida all DNA replication and cellular divisions take place without increases in 
embryo size from the initial size of the zygote. This allows the blastomeres to reduce 
individual cells down to a size similar to that of somatic cells (Rahman et al. 2008). 
Division continues and as it does the boundary between the blastomeres become less 
differentiated not only due to the overlapping cells but also to the formation of 
intracellular junctions between cells. The embryo at this stage of development is known 
as the morula. During the morula stage the conceptus becomes polarised, giving rise to 
two populations of cells; the inner and outer cell groups (Rahman et al. 2008). The inner 
cell group of the morula develops gap junctions thus giving rise to the inner cell mass 
eventually becoming the conceptus and the outer cell group develops tight junctions and 
becomes the trophoblast layer of the blastocyst which will form the placenta. The 
blastocyst is the next stage of embryo development, which is characterised by an outer 
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throphoblast layer, an inner cell mass and a fluid filled cavity known as a blastocoele 
(Senger 1997). The fluid accumulation in the blastocoele is most likely due to the altered 
permeability of the trophoblast cells post tight junction formation, potentially from active 
Na
+
 pumps (Rahman et al. 2008).  
As the blastocyst grows, still within the confines of the zona pellucida, it undergoes 
further fluid accumulation in the blastocoele and proteolytic enzyme production from the 
trophectoderm cells. Synchronously, the structure of the blastocyst begins to create 
pressure via alternate contractions and relaxation. The combined actions of proteolytic 
enzymes, cell growth and increased pressure cause the blastocyst to ‘hatch’ from the zona 
pellucida into the lumen of the uterus (Rahman et al. 2008). Hatching, generally occuring 
about Day 8-9 post fertilisation in the cow, exposing the trophectoderm layer of the 
embryo to the uterine environment (Spencer 2013).  
1.7 Artificial Insemination (AI) Industry 
AI is the single most important technique devised to facilitate the genetic improvement of 
animals. The advent of AI has vastly contributed to the genetic enhancement of progeny 
whilst also reducing the risks of venereal diseases in breeding herds (Al-Makhzoomi et al. 
2008). Ireland, like New Zealand, practices a seasonal, grass based milk production 
system which best utilises grass as cheap feed source (Horan et al. 2005). This production 
system depends on a condensed breeding season so that cows calve compactly at the start 
of the grass growing season. While milk production in the Holstein Friesian dairy cow 
has increased since the 1970’s (Foote 1996) primarily due to bull selection based on 
daughter genetic characteristics, there has also been a corresponding drop in fertility 
(Walsh et al. 2011). As over 40% of all dairy cows are bred using AI (Cromie et al. 2007) 
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selection of suitable AI bulls not only for daughter milk production traits but also 
daughter fertility is critical for a profitable dairy system. 
 
1.7.1 Selection of Bulls (Traditional verses Genomic) 
Fertility is the ultimate test of spermatozoa quality (Foote 2002), and traditionally fertility 
was estimated as a secondary function of progeny testing via non-return rates (NRR). 
Progeny testing ranks a bulls genetic merit based on the resulting progeny from multiple 
mating’s/ inseminations. NRR, in contrast evaluates only the number of dams which do 
not return to oestrus and is thus a measure of field fertility. However, these methods are 
time consuming, costly to the industry and challenged by the fact that the fertility of 
individual bulls can vary over time (Schaeffer 2006). Not only this, but the accuracy of 
these methods, NRR in particular, in assessing individuals fertility is also effected by 
various AI technicians and farms in which the semen is used (Foote 2002, Berry et al. 
2011). Progeny testing is a time consuming process taking approximately five years 
beginning from the time of AI until the resulting progeny subsequently complete their 
first lactations (Schaeffer 2006).  
Genomic selection is marker-assisted selection of animals in which slight 
variations in genetic markers, single nucleotide polymorphisms, covering the whole 
genome are used for genotyping (Goddard and Hayes 2007). Genomic selection, in this 
instance, refers to the selection of a bull based on genomic estimated breeding values 
(GEBV; Hayes et al. 2009) which is the estimated economic worth of the progeny’s 
genotype. A bull, whose genetic merit has been proved via DNA sequencing, has a 
reliability value for potential progeny which is comparable to a progeny tested bull with 
at least 40 daughters milking (Berry et al. 2009). Genomic selection has revolutionised 
the way animal breeding centres select bulls for AI, as they can now select calves within 
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weeks of birth based on genomic proof of their DNA. The result is that AI bulls are being 
used in industry as soon as they reach puberty. One of the problems associated with early 
use is that they will, initially, produce smaller volume ejaculates with poor quality 
spermatozoa in terms of morphology due to their younger age (Brito 2002), and therefore 
they will produce fewer insemination straws compared to older more matured AI bulls. 
Not only can genomic selection increase the rate of genetic gain (Schaeffer 2006, Berry et 
al. 2009) but it also has financial benefits by eliminating the need for progeny testing, 
thus saving animal breeding centres up to 92% in costs (Schaeffer 2006). However, some 
of these savings could be offset by once-off genomic testing costs. As of October 2016 
there were 45 of the top 50 bulls on the Irish Dairy Bull list which had been genomically-
selected (ICBF 2016). 
 
1.7.2 Fresh Versus Frozen-Thawed Semen 
The ultimate goal of semen preservation is to obtain successful pregnancies (Barth and 
Oko 1989). When semen is collected, it either has to be stored in an extender or frozen-
thawed in an iso-osmotic liquid to keep the sample viable for use. When stored in an 
extender, the sample is collected at body temperature and stored at 32⁰C to avoid cold 
shock. These extenders are either egg yolk or skim milk based, and more recently animal 
protein free extenders have been developed (Aires et al. 2003, Muiño et al. 2007, 
Krishnakumar et al. 2011). Low density lipoproteins and casein micelles, from the egg 
yolk or skim milk, bind to the BSP proteins from SP, reducing the amount of BSP 
binding to the spermatozoa membrane (Manjunath and Therien 2002) thus minimising 
cholesterol and phospholipid efflux.  
In Ireland, fresh spermatozoa inseminations account for approximately 5% of total 
AI inseminations but may increase to 25% during the peak breeding season (Al Naib et 
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al. 2011); while, in New Zealand the use of fresh spermatozoa accounts for 95% of all 
inseminations (Verberckmoes et al. 2005).  Due to a much reduced spermatozoa number, 
fresh spermatozoa straws (3-5 x 10
6 
spermatozoa per straw compared to 15-20 x 10
6 
spermatozoa per straw in frozen-thawed straws) allow for more insemination straws per 
ejaculate to be obtained which is especially useful to maximise the use of young 
genomically-selected elite bulls. Frozen-thawed semen has a 30 day quarantine while 
fresh can be used on the day of collection (Irish Statute Book 2004). In the current 
genomic era this has a distinct advantage for seasonal systems, whereby, a bull may only 
be in high demand for one season and is surpassed by the next generation of genetically 
elite bulls the following year (Bailey et al. 2000). However, the major disadvantage with 
the use of fresh semen is its finite fertile lifespan. Fresh semen must be used on the day of 
collection or within 2-3 days due to concerns regarding declining fertility (Vishwanath 
and Shannon 2000). Fresh semen had similar NRR’s when used on Day 1 or 2 post 
collection (Murphy et al. 2015), however, there was an accelerated drop in NRR when 
semen >4 days old was used (Figure 1.14; Vishwanath and Shannon 1997). Concomitant 
to the drop in NRR is a drop in spermatozoa motility, however this drop in function is not 
as rapid as the drop in fertility. 




Figure 1.14: Effect of days in storage on bull semen diluted in CAPROGEN at ambient 
temperature (18–21 
o
C) on the percentage of motile spermatozoa and non-return rate 
(NRR). The spermatozoa concentration was 8–10x10
6 
spermatozoa per mL (Vishwanath 
and Shannon 1997) 
 
The use of cryopreservation adds a time luxury to AI and also allows the 
dissemination of genetic material between countries. Most of all, cryopreserving 
spermatozoa allows for AI companies to build up stocks of semen to cope with the high 
volumes needed during the breeding season from genetically superior and in-demand 
bulls. When using frozen-thaw semen, a higher concentration of spermatozoa is typically 
needed for successful insemination due to damage caused by the process of freezing and 
thawing. This loss in viability due to processing is bull specific with some bulls 
producing successful pregnancies with as little as 2.1 x 10
6
 spermatozoa per frozen-
thawed straw, whereas others needed greater concentrations (Den Daas et al. 1998). 
During cryopreservation of spermatozoa there is a loss of cholesterol from the plasma 
membrane, causing a membrane destabilisation (Guthrie et al. 2002). Induced cryo-
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capacitation results in a sub population of spermatozoa with a shortened in vivo lifespan 
resulting in reduced fertility of the total spermatozoa population (Bailey et al. 2000). 
Previous studies have shown that the incubation of spermatozoa with cholesterol has 
beneficial effects on post-thaw spermatozoa function (Purdy and Graham 2004, Moraes et 
al. 2010). The added cholesterol decreases the temperature at which the plasma 
membrane undergoes the lipid phase transition from fluid to gel state, thus making the 
spermatozoa less susceptible to cold shock (Ladbrooke et al. 1968).  
Recent studies have shown no difference between the use of fresh or frozen-
thawed semen on NRR (Murphy et al. 2015). Considering this, the use of fresh semen, 
with lower spermatozoa per straw, is more economical than that of frozen-thawed semen. 
High numbers are needed in frozen-thawed spermatozoa straws to counteract the sub-
optimal conditions spermatozoa are exposed to during processing and insemination. 
Whereas, all bulls respond similarly to sub-optimum conditions, such as low sperm 
concentrations, during fresh insemination processing, the response varies greatly where 
the freezing method is employed, meaning higher straw rates are also recommended for 




Oxidative stress occurs when there is an imbalance between the production of ROS and 
the ability of a system to detoxify the reactive intermediates or repair the resulting 
damage (de Lamirande and Gagnon 1995). There is a significant increase in ROS 
production of fresh stored semen with increasing day of storage (buffalo Kadirvel et al. 
2009, bull; Murphy et al. 2013). Although it is postulated that mild oxidative stress may 
S.A. Holden  Chapter One 
45 
 
promote capacitation and benefit fertilisation (Aitken et al. 1989, de Lamirande et al. 
1997), in excess, it can be detrimental to spermatozoa function (e.g. motility). 
In order to counteract the negative effects of ROS, a variety of antioxidants (e.g. 
superoxide dismutase, glutathione, catalase) are present in SP, however, during semen 
processing these are lost or diluted leading to cellular damage. Therefore, it is common to 
add exogenous antioxidants to semen diluents (Marques et al. 2010). The addition of 
antioxidants reduces oxidative damage to the spermatozoa and its DNA (Figure 1.15). 
Antioxidants have many different modes of function, some prevent the accumulation of 
ROS, and others scavenge or quench oxidative radicals. Whatever the mode of action, 
antioxidants have proven to have beneficial effects on spermatozoal preservation. 
Many different antioxidants have been added to extenders, for example, l-
carnitine, a non-ionic organic osmolyte and the biologically free form of carnitine was 
added to extenders as it has powerful antioxidant that prevents accumulation of toxic end 
products of lipid peroxidation (bull; Bucak et al. 2010, stallion; Gibb et al. 2015). A-
tocopherol, vitamin E, has previously been added to semen diluents due to its ability to 
scavange peroxyl radicals (bull; Marques et al. 2010). The addition of up to 50 µM α-
tocopherol has previously shown beneficial effects on viability post swim up tests (bull; 
Marques et al. 2010).  
 




Figure 1.15: Illustration of the beneficial signalling and detrimental damaging actions of 
reactive oxygen species (ROS) in the cell (Kawagishi and Finkel 2014) 
 
Quercetin, a flavonoid polyphenol, also acts as a free radical scavenger and is known to 
lower aerobic metabolism of spermatozoa (bull; Córdoba et al. 2006, stallion; Gibb et al. 
2013). One of the more commonly added antioxidants is catalase; an enzyme that 
catalyses the decomposition of H2O2, which leads to the formation of reactive radicals, 
into non-reactive oxygen and water (Aitken 1995). Catalase is typically added to bull 
semen diluents, in particular fresh semen diluents (e.g. Caprogen®). Use of catalase in 
fresh diluents has reported an increase in NRR of bulls of 1.3-1.8% (bull; Shannon and 
Curson 1982) whilst having no negative effect on other functional parameters (in vitro 
fertilisation and embryo development; mouse; Kuribayashi and Gagnon 1996).  
 
1.7.3 Predicting Fertility 
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Bulls vary in fertility for a wide range of reasons, with 20 to 40% of stock bulls being 
classified as sub-fertile (Kastelic 2013). Bulls used in AI can vary significantly in 
pregnancy rates despite going through routine pre- and post-thaw quality control checks 
in the AI centre (Al Naib et al. 2011). Due to the advent of genomic selection, semen is 
now being intensively collected from bulls at a younger age and these elite bulls are 
typically only in demand for a short time as they are then surpassed by the next 
generation of genetically superior bulls within 12 months (Berry et al. 2009, Schefers and 
Weigel 2012, Hayes et al. 2013). This intensive use and high rate of AI bull turnover 
leaves insufficient time to assess the fertility status of a bull prior to wide scale use of his 
semen in the field, especially in grass-based production (Horan et al. 2005). These issues 
may be exacerbated when sex-sorted (SS) semen is used as, even though quality control 
standards are higher for semen entering the sex-sorting process, the low number of 
spermatozoa per insemination straw leaves little room to compensate for low fertility 
bulls (Figure 1.16). 
 
 
Figure 1.16: The effects of increasing spermatozoa number per straw from bulls 
suffering compensable (A and B) and uncompensable (C and D) traits (Saacke 2008). 




Typically, AI centres will assess ejaculate volume, spermatozoa concentration, 
motility (pre and post-thaw) as well as morphology (Linford et al. 1976). Although not 
consistently correlated to field fertility, these analyses have been and will likely continue 
to be quality controls used in the AI centres (Utt 2016). However, whilst useful as quality 
control checks for semen collection and processing procedures, such parameters are 
limited in their usefulness to predict the fertility of a bull (Rodriguez-Martinez 2006). 
Furthermore, spermatogenesis can be easily affected by exterior antagonists to the 
process, such as elevated temperature due to excessive fat or illness (Casady et al. 1953, 
Brito et al. 2003), trauma to the testicular tissue or exposure to toxins (e.g. gossypol; 
James et al. 1992). Many studies have tried to develop further, more detailed assessments 
of spermatozoa function in order to predict bull fertility. Dogan et al. (2013) reported 
correlations between fertility score and the proportion of necrotic spermatozoa, DNA 
damage and viability of cryopreserved bull spermatozoa. Park et al. (2012) optimised a 
spermatozoa penetration assay that could accurately categorize bulls as high or low 
fertility based on a spermatozoa fertility index. Work carried out by Oliveira et al. (2013) 
concluded that when used in combination, a number of in vitro parameters, including total 
and progressive motility, rapid movement, average path velocity and osmotic resistance 
were important predictors of conception rate. Similar motility parameters were also 
identified, along with others, by Gillan et al. (2008) who used them to perform a 
regression analysis which correlated with field fertility. Sudano et al. (2011) employed 
the use of Bayesian inferences using in vitro cleavage and blastocyst production data as 
an effective statistical method of estimating bull fertility.  
On a molecular level, work by Peddinti et al. (2008) identified a differentiating 
Epidermal Growth Factor (EGF) signalling pathway specific to either high or low fertility 
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bulls, known to support proliferation, survival and cell differentiation. When taken in 
totality, however, none of these stand-alone assessments can reliably predict fertility and 
a multifactorial approach is needed if accurate fertility assessments are to be derived. 
Sellem et al. (2015) employed in a regression analysis model in which both microscopic 
and flow cytometric analyses of frozen-thaw semen with 56 day NRR, on a batch by 
batch basis, resulted in a panel of assessments that could explain 40% (r
2
=0.40) of the 
variation in 56 NRR. 
The prediction of fertility not only requires a biological assessment but also an 
understanding of statistical significance. This prediction requires the identification of an 
dependant variable representing fertility estimates (e.g. NRR) and an independent 
variables for use in the prediction of that fertility estimate (Utt 2016). To accurately 
identify bulls as high or low fertility a detailed understanding of factors affecting models 
(e.g. regression models) are required (Amann and DeJarnette 2012). Furthermore, a 
minimum of 1000 inseminations are required to accurately identify detectable differences 
(±4%) between high and low fertility bulls (Table 1.1; DeJarnette et al. 2010). The need 
for such a large sample size is to counteract any deviation from the average due to 
environmental factors and random chance. 
Table 1.1: Effect of sample size on minimum detectable difference and range in 
conception values that cannot be statistically be considered different than average 
conception for a herd with a 30% theoretical average fertility rate (DeJarnette et al. 2010) 
No. of services 
per bull 
Minimum detectable difference from 
average 
Range in conception rate not 
different from 'average' value 
10 ±41% -11% to 71% 
50 ±18% 12% to 48% 
100 ±13% 17% to 43% 
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300 ±7% 23 to 37% 
500 ±6% 24 to 36% 
1000 ±4% 26 to 34% 
 
 
1.7.4 Sexed Semen 
The preselection of sex can be achieved through the use of sex-sorted (SS) semen. At 
present the only reliable method of pre-determining sex of offspring is by the relative 
difference in DNA content of the X- and Y- chromosome bearing spermatozoa. 
Separation is typically carried out via flow cytometry (Garner et al. 2013), however, other 
methods such as laser splitting of the unwanted spermatozoa are being investigated (Faust 
2016). The X-chromosome bearing bull spermatozoa contains approximately 4% more 
DNA than Y-chromosome bearing spermatozoa (Johnson 1995). The use of flow 
cytometry to separate the different chromosome bearing spermatozoa, based on DNA 
content, is the only accurate and repeatable method that is successfully used to separate 
the sub-populations (Garner et al. 2013). Spermatozoa are typically stained with Hoechst, 
a fluorescent nuclear dye, and then separated based on the difference in fluorescence 
intensity. The X-chromosome bearing spermatozoa present a greater fluorescence due to 
the greater DNA content, and are then given a positive or negative charge based on 
fluorescence intensity. The spermatozoa are then separated into different streams based 
on their given charge. For production purposes the separated spermatozoa are centrifuged 
to concentrate the cells and then packaged as either fresh or frozen-thawed semen. 
Using SS semen has many advantages. In the dairy industry, the use of X-SS 
semen could streamline the production of replacement heifers from the highest genetic 
merit cows within the herd (Hohenboken 1999, Cromie et al. 2014), thereby minimising 
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the biohazards associated with bringing in new livestock. This is of particular importance 
given the recent abolition of milk quotas in Ireland (March 2015) and the current 
expansion which is ongoing in the dairy industry. However, despite the numerous benefits 
associated with the use of SS semen this still only represents a small percentage of the AI 
market (<5%; Seidel 2014). During the sorting process approximately >75% of cells are 
lost; 50% of unwanted X- or Y- chromosome bearing spermatozoa are lost and the rest 
are lost to waste due to loss of viability or incorrect orientation during the sorting process 
(Dalton 2008, Sharpe and Evans 2009). As the sex sorting process is quite time 
consuming, straws are typically packaged at 2.1 x10
6
 spermatozoa per straw, similar to 
the concentration of spermatozoa in fresh semen. 
The use of SS frozen-thawed semen has primarily been limited to use on heifers 
(Borchersen and Peacock 2009, DeJarnette et al. 2009, Frijters et al. 2009) due to 
concerns over reduced pregnancy rates in cows (50% in cows compared to 80% in heifers 
at a 3x10
6 
spermatozoa per inseminate; Seidel and Schenk 2008, Dejarnette et al. 2011, 
Healy et al. 2013). The reasons for lower pregnancy rates with SS straws are multi-
factorial, and have been attributed to a combination of reduced number of spermatozoa 
per straw (2-3 x 10
6 
spermatozoa per straw) as well as spermatozoa damage during the 
sex-sorting and cryopreservation processes. Stresses such as exposure to Hoechst stain 
(Garner and Seidel Jr 2008), laser exposure (Garner 2006), centrifugation (Shekarriz et al. 
1995) and sorting pressure (Suh et al. 2005)have also been shown to impair spermatozoa 
function. 
This situation appears to be changing, however. With improved sorting technologies, 
the gap between the fertility of conventional non-sorted frozen-thawed straws and SS 
frozen-thawed straws has recently been reported to be closing (de Graaf et al. 2014, 
Vishwanath 2014, Xu 2014). A recent study in New Zealand reported NNR for SS fresh 
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semen that were 94-95% as successful as their fresh non-sorted counterpart (Xu 2014). SS 
fresh semen has recently been trialled in the field and is especially attractive in seasonal 
grass-based production systems, such as in Ireland and New Zealand. 
 
  




The objectives of this PhD thesis were to 
1. Characterise the in vitro differences between non-sorted and sex-sorted 
spermatozoa packaged as both fresh or frozen-thawed semen. 
2. Identify in vitro predictors of high and low fertility AI bulls for future use on 
genomically-selected bulls. 
3. Identify the effect of seminal plasma from high and low fertility bulls on 
epididymal spermatozoa function. 
4. Assess the in vitro effect of the addition of exogenous antioxidants to fresh semen.










In vitro Characterisation of Fresh and 
Frozen Sex-Sorted Bull Spermatozoa  




This study sought to compare in vitro characteristics of fresh and frozen non-sorted (NS) 
and sex-sorted (SS) bull spermatozoa. Experiment 1: Holstein–Friesian ejaculates (n = 10 
bulls) were split across four treatments and processed, per straw, as: (1) NS fresh at 3  × 
10
6
 spermatozoa, (2) X-SS frozen at 2 × 10
6
 spermatozoa, (3) X-SS fresh at 2 × 10
6
 
spermatozoa (4) X-SS fresh at 1 × 10
6
 spermatozoa and as a control (5) NS frozen straws 
of 20 × 10
6
 spermatozoa per straw spermatozoa were sourced from previously frozen 
ejaculates (n = 3). Experiment 2: Aberdeen Angus ejaculates (n = 4 bulls) were split 
across four treatments and processed, per straw, as: (1) NS fresh 3 × 10
6
 spermatozoa, (2) 
Y-SS fresh at 1 × 10
6
 spermatozoa, (3) Y-SS fresh at 2 × 10
6
 spermatozoa, (4) X-SS fresh 
at 2 × 10
6
 spermatozoa and (5) controls sourced as per Experiment 1. In vitro assessments 
for progressive linear motility, acrosomal status and oxidative stress were carried out on 
Days 1, 2 and 3 after sorting (Day 0 = day of sorting. In both experiments SS fresh 
treatments had higher levels of agglutination in comparison to the NS fresh (P < 0.001), 
NS frozen treatments had the greatest PLM (P < 0.05) and NS spermatozoa exhibited 
higher levels of superoxide anion production compared with SS spermatozoa (P < 0.05). 
Experiment 1 found both fresh and frozen SS treatments had higher levels of viable 
acrosome-intact spermatozoa compared with the NS frozen treatments (P < 0.01). 
 
  




The use of flow cytometry to sex-sort bull spermatozoa is currently the only spermatozoa-
sorting technology available that gives a strong and reliable bias in offspring gender, 
typically in the order of 90% (Garner et al. 2013). Widespread use of this technology has 
the potential to revolutionise the dairy breeding industry, whereby X-sex-sorted (SS) 
spermatozoa of dairy breeds could be used to produce replacement heifers from the 
highest genetic merit cows with the remainder being bred to Y-SS spermatozoa of beef 
breeds with the shortest-gestation length such as Aberdeen Angus (Hohenboken 1999; 
Cromie et al. 2014). However, despite this technology being commercially available for 
over a decade, SS spermatozoa still only represents a small percentage of the artificial 
insemination (AI) market (Seidel 2014). The use of SS frozen spermatozoa has primarily 
been limited to use in heifers (Borchersen and Peacock 2009; DeJarnette et al. 2009; 
Frijters et al. 2009) due to concerns over reduced fertility rates in cows (Seidel and 
Schenk 2008; Dejarnette et al. 2011; Healy et al. 2013). This situation appears to be 
changing, however, with improved sorting technologies, and the gap between the fertility 
of conventional non-sorted (NS) semen and SS semen is closing as assessed by scanned 
pregnancy rate (de Graaf et al. 2014) and non-return rates (Xu 2014; as reviewed by 
Vishwanath 2014). 
The reasons for lower fertility with SS frozen spermatozoa are multi-factorial, and 
have been attributed to a combination of reduced number of spermatozoa per straw 
(typically 15-20 × 10
6
 vs. 2.1 × 10
6
 spermatozoa per straw for NS frozen and SS frozen 
spermatozoa, respectively) as well as spermatozoa damage during the sex-sorting and 
freezing processes. During sex-sorting spermatozoa undergo stresses such as exposure to 
Hoechst stain (Garner and Seidel Jr 2008), laser exposure (Garner 2006), centrifugation 
(Shekarriz et al. 1995) and sorting pressure (Suh et al. 2005), while, reduced fertility has 
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primarily been attributed to mechanical stresses during the sorting process (Garner et al. 
2013). Furthermore, the spermatozoa’s natural defences against lipid peroxidation are 
diminished as a result of the high dilution factor during sorting (Espinosa-Cervantes and 
Cordova-Izquierdo 2012). Dilution can disrupt the pH/osmolarity equilibrium which 
could affect membrane stability (Gosalvez et al. 2011), such as early capacitation and the 
ability to undergo the acrosome reaction thus affecting fusogenic properties with the 
oocyte (Maxwell and Johnson 1997; Watson 2000; Gosalvez et al. 2011).  
The use of SS fresh spermatozoa may be a viable alternative and has the potential to yield 
higher fertility than SS frozen spermatozoa as spermatozoa are not subjected to the insult 
of freezing post-sorting as well as the added benefit of requiring fewer spermatozoa per 
straw (Butler et al. 2014a; Xu 2014). However, there are a small number of published 
studies describing the in vitro quality of SS fresh bull spermatozoa (Mocé et al. 2006; 
Klinc et al. 2007; Blondin et al. 2009; Gosalvez et al. 2011; Bucci et al. 2012). Blondin et 
al. (2009) compared SS and NS (fresh and frozen) spermatozoa in in vitro fertilization 
(IVF) and found that freezing, and not sexing, had a more significant negative effect on 
semen quality. The same study reported that the sex-sorting process selects better quality 
spermatozoa by eliminating spermatozoa with compromised DNA. Klinc et al. (2007) 
reported no difference in the motility or membrane stability of fresh SS and NS 
spermatozoa and in a field trial with a small number of females reported that fresh SS bull 
spermatozoa can maintain its fertile lifespan for up to 72 h post-sorting. In contrast, Bucci 
et al. (2012) compared several in vitro capacitation-related factors in both SS and NS 
fresh bull and boar spermatozoa and concluded that the sex-sorting process resulted in de-
stabilization of the spermatozoa membrane. Mocé et al. (2006) working with both fresh 
and frozen bull spermatozoa, reported higher viability in SS spermatozoa compared to NS 
spermatozoa within both fresh and frozen treatments. Interestingly, they also 
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demonstrated that although fresh SS and NS spermatozoa respond similarly to the 
induction of the acrosome reaction (using dilauroylphosphatidylcholine; PC12), frozen SS 
bull spermatozoa exhibited an accelerated acrosome reaction compared to NS frozen 
spermatozoa, under non acrosome reaction-inducing conditions. Taken together, this 
growing body of evidence suggests that SS fresh spermatozoa are less compromised than 
SS frozen spermatozoa.  
A recent field study from New Zealand evaluated X-SS fresh spermatozoa (1 × 
10
6
 spermatozoa per straw) against NS fresh spermatozoa (1.25 to 2 × 10
6
 spermatozoa 
per straw) in over 50,000 cows and reported a reduction in fertility, measured via non 
return rate, of just 3.8-4% following insemination with SS fresh spermatozoa (Xu 2014). 
This is encouraging, as SS fresh spermatozoa at 1M spermatozoa per straw would enable 
more than twice as many insemination doses to be obtained per ejaculate compared to 
traditional SS frozen spermatozoa, leading to a potentially cheaper product, without the 
marked reduction in fertility in cows. The in vitro and in vivo fertility of NS fresh 
spermatozoa following storage for a number of days has been well documented 
(Vishwanath and Shannon 2000; Al Naib et al. 2011; Murphy et al. 2013; Murphy et al. 
2015); however, it is unclear if these procedures are suitable for storing SS fresh 
spermatozoa and if differences exist between X- and Y-SS spermatozoa during in vitro 
storage. Therefore, understanding the physiology of SS fresh spermatozoa under field 
conditions is critical to designing diluents for extension of SS spermatozoa at low 
concentrations. With this in mind, the objective of this study was to assess the in vitro 
quality of X- and Y-SS spermatozoa processed fresh or frozen from the same ejaculate 
and compare this with conventional NS fresh and frozen spermatozoa from the same 
bulls. Uniquely, this in vitro characterisation is strengthened by the availability of 
conception rate data (Experiment 1 only) from a large scale sexed semen field trial. 




2.2 Materials and Methods 
2.2.1 Experimental Design: Experiment 1 
The aim of this experiment was to assess the in vitro quality of X- SS and NS 
spermatozoa processed as fresh or frozen. Semen was collected at two commercial AI 
centres from Holstein Friesian bulls (Bos taurus; n= 10; denoted A to J) between the ages 
of 2-6 years, of proven fertility using an artificial vagina (1-2 ejaculates per bull; 18 
ejaculates collected in total). All ejaculates processed had a minimum normal morphology 
and motility of 80% and 75%, respectively. Undiluted ejaculates were transported in a 
temperature regulated box (20 
o
C) within 3 h to a Sexing Technologies laboratory to be 
X-SS according to standard procedures with a targeted purity for the X spermatozoa 
fraction of 90%. Sex sorting was performed on a high speed flow cytometer at 40 psi with 
a 70 µm nozzle and vanguard laser set at 200 mW. The event rate was controlled between 
20,000 and 21,000 events per second (Burroughs et al. 2013). Post-collection, 
spermatozoa from individual ejaculates were processed as follows: (i) NS fresh at 3 × 10
6
 
spermatozoa per straw (ii) X-SS frozen at 2 × 10
6
 spermatozoa per straw, (iii) X-SS fresh 
at 2 × 10
6
 spermatozoa per straw, (iv) X-SS fresh at 1 × 10
6
 spermatozoa per straw, and 
(v) NS frozen at 20M spermatozoa per straw. Treatments (i) to (iv) were split from the 
same ejaculate on the day of collection and Treatment (v) was sourced through two AI 
centres from previously collected ejaculates of the same bulls. The spermatozoa number 
for the NS and SS frozen and NS fresh treatments were based on industry standards. As 
there have been only a limited number of studies using SS fresh spermatozoa, two 
concentrations were used (1 × 10
6
 and 2 × 10
6
). Previous work by Murphy et al. (2013) 
has demonstrated that the in vitro quality of NS fresh spermatozoa can be influenced by 
spermatozoa concentration. All fresh and frozen media used for processing NS fresh, SS 
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fresh and SS frozen semen were proprietary media supplied by Sexing Technologies 
(Navasota, Texas, USA). The SS frozen semen media was a Tris-egg yolk buffer 
containing 6% glycerol which has been optimised over many years to provide a benign 
environment to hold and freeze spermatozoa in low concentrations and is now part of the 
SexedULTRA suite of media (R. Vishwanath, Sexing Technologies, Navasota, Texas, 
USA, personal communication). The fresh semen medium was a new medium containing 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer and additives that was 
developed initially for NS spermatozoa but had been adapted to work with SS fresh 
spermatozoa for this project (R. Vishwanath, Sexing Technologies, USA, personal 
communication). NS frozen semen was processed in a commercial freezing media, 
BULLXcell (IMV Technologies, L’Aigle, France). 
All fresh treatments were transported and stored at room temperature until time of 
assessment on each day, whereas frozen treatments were frozen using routine procedures 
and stored under liquid nitrogen as per commercially practiced. In vitro analyses were 
first carried out the morning post-sorting (Day 1; Day 0 = day of sorting), at which time 
ejaculates ranged from 15 h to 33 h post-collection (24 ± 1.3 h; mean ± s.e.m), except the 
control treatment (v). One straw per treatment was assessed in vitro at 24 h intervals 
(range 23-25 h) on Day 1, 2 and 3 post-sorting for progressive linear motility (PLM; 
indicative of a functional motile spermatozoa population), acrosomal status (intact 
acrosome required for fertilization), and oxidative stress (high levels are indicative of 
stressed spermatozoa leading to diminished spermatozoa function). The remaining straws 
were distributed amongst AI technicians as part of a field trial (approximately 15,000 
inseminations), for which the preliminary conception rate data based on 3,943 ultrasound 
pregnancy scans have been reported in Butler et al. (2014). 
 




2.2.2 Experimental Design: Experiment 2 
Currently, the greatest demand for sexed semen is for X-SS Holstein spermatozoa but 
there is a growing demand for Y-SS spermatozoa from short gestation early maturing 
beef breeds for use on the dairy herd. The aim of this experiment was to evaluate the in 
vitro characteristics of Y-SS spermatozoa processed and stored as fresh spermatozoa 
under field conditions and compare this to X-SS fresh spermatozoa and to NS fresh and 
frozen spermatozoa. Bull semen was collected, transported and processed as described 
above from Aberdeen Angus bulls (n= 4; denoted K to N) between the ages of 2-6 years, 
of proven fertility (1-2 ejaculates per bull; 15 ejaculates assessed in total). All ejaculates 
processed had a minimum normal morphology and motility of 80% and 75%, 
respectively. Transport and sorting were carried out as previously described with a target 
purity of 90%. Treatments were sorted and stored in the appropriate Sexing Technologies 
diluents as follows; (i) NS fresh at 3 × 10
6
 spermatozoa per straw; (ii) Y-SS fresh at 1 × 
10
6
 spermatozoa per straw; (iii) Y-SS fresh at 2 × 10
6
 spermatozoa per straw; and (iv) X-
SS fresh at 2 × 10
6
 spermatozoa per straw and (v) NS frozen at 20 × 10
6
 spermatozoa per 
straw, sourced from previous ejaculates of the same bulls. Only one concentration of X-
SS fresh spermatozoa was used as the main focus of the experiment was to characterise 
Y-SS fresh spermatozoa. Proprietary diluents were used for NS fresh, SS fresh and frozen 
spermatozoa while BULLXcell was the diluent used for NS frozen spermatozoa. In vitro 
analysis was carried out as per Experiment 1; however, no field inseminations were 
carried out using this semen.  
 
2.2.3 Progressive Linear Motility and Agglutination  
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Frozen straws were thawed at 37 
o
C for 30 sec and incubated in a heated block, at 37 
o
C 
while fresh straws were stored at room temperature until use and heated to 37 
o
C in a 
heated block prior to being assessed, within 20 min of initial incubation. PLM was 
assessed for each treatment by placing a 5 µL sample on a pre-warmed glass slide 
overlain with a pre-warmed coverslip. All treatments were blinded to remove any biased. 
Spermatozoa were assessed under a phase-contrast microscope (400x) by one experienced 
evaluator. Two counts were taken, where 50 motile spermatozoa were assessed in each 
count and the number of motile spermatozoa swimming in a progressive linear fashion 
was recorded (Kiernan et al. 2013). 
The incidence of spermatozoa agglutination were assessed using nigrosin-eosin 
staining (spermatozoa:stain ratio of 1:1; 0.068 M water-soluble nigrosin, 0.014 M water-
soluble eosin and 0.116 M sodium citrate; Kiernan et al., 2013). A smear was made with 
10 µL of the spermatozoa stain mixture on a glass slide and allowed to dry. Spermatozoa 
were viewed under a phase-contrast microscope (1000x) by one experienced evaluator 
and two counts were taken, where 50 events were assessed in each count and the average 
of these counts was recorded. An event was described as the occurrence of a single 
spermatozoa cell or an agglutinated mass of spermatozoa. The number of spermatozoa 
per agglutinated mass was also recorded. Agglutination percentage was calculated as the 
number of spermatozoa cells present in 50 agglutinated masses as a percentage of the 
total spermatozoa population assessed in the 50 events as per the following equation (No. 
of spermatozoa in agglutinated masses)/(Total No. of spermatozoa counted) x 100. 
 
2.2.4 Flow Cytometric Analysis of Acrosome Integrity and Oxidative Stress 
Flow cytometry assessment of spermatozoa for specific intracellular markers of acrosome 
integrity and oxidative stress was used as it can objectively quantify large numbers of 
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spermatozoa in a short period of time. Samples were diluted to a concentration of 3 x 10
5
 
spermatozoa per mL in Biggers, Whitten and Whittingham media (BWW; Koppers et al., 
2008) and were analysed on a flow cytometer (Guava easyCyte 6HT-2L, Merck 
Millipore, Billerica, MA,  USA) equipped with both a Krypton Laser (642 nm) and an 
Argon Laser (488 nm). Appropriate single colour controls were prepared to establish the 
respective fluorescent peaks of the individual stains. These were used in conjunction with 
the forward scatter (FSC) and side scatter (SSC) signals to discriminate spermatozoa from 
debris (Supplemental Figures 1 and 2). Fluorescent events were recorded using 
GuavaSoft (Version 2.7; Merck Millipore) and all variables were assessed using 
logarithmic amplification. In each sample 10,000 gated events were captured. 
Acrosome status was assessed using the fluorescent stain Alexa Fluor 647 PNA 
(lectin peanut agglutinin from Arachis hypogaea; AF647; Ex/Em 650/658; Life 
Technologies, Carlsbad, CA, USA) and a method adapted from Murphy (2015). AF647 
consists of an Alexa Flour 647 fluorochrome conjugated with Lectin PNA from Arachis 
hypogaea (peanut). Briefly AF647 was added to 500 µL of spermatozoa diluted to 3 x 10
5
 
spermatozoa per mL in BWW medium to give a final concentration of 6 µg/ mL and was 
incubated in the dark at 37 
o
C for 15 min. AF647 fluoresces in the presence of the enzyme 
acrosin, which is exposed upon the loss of the acrosomal cap. Following this incubation 
period the fluorescent stain Propidium Iodide (PI Ex/Em 535/617 nm; Life Technologies, 
Carlsbad, CA, USA) was added to the sample at a final concentration of 12 µM and 
incubated in the dark for 5 min at 37 
o
C. PI is selectively taken up by membrane 
compromised cells thus indicating a loss of viability. The fluorescence of AF647 was 
analysed via the Red2 (664/20 BP) detector and PI via the Yellow detector (583/26 BP), 
no compensation was needed. The percentage of viable spermatozoa with intact 
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acrosomes was calculated as the percentage of AF647 negative cells of the PI negative 
population as initially gated based on controls, FSC and SSC (Figure 2.1).  
The generation of the superoxide anion was assessed using the fluorescent stain 
MitoSOX Red (Ex/Em ~510/580 nm; Life Technologies, USA) and a method adapted 
from Kiernan et al. (2013). Briefly, diluted samples were incubated at 37 
o
C in the 
presence of MitoSOX Red (4 µM) in the dark for 15 min. MitoSOX Red (MSxR) is an 
intracellular stain that fluoresces in the presence of the superoxide anion. Following this, 
the nucleic dead stain SYTOX Green (Ex/Em 504/523 nm; Life Technologies, Carlsbad, 
CA, USA) was added to give a final concentration of 0.25 µM and again, incubated at 37 
o
C in the presence of MSxR in the dark for 15 min. SYTOX Green works in a similar 
manner to PI as the stain will only penetrate cells with compromised membranes. The 
fluorescence of MSxR was analysed via the Red (690/50 BP) detector and SYTOX Green 
via the Green detector (525/30 BP), minor computed compensation was carried out. The 
presence of superoxide was calculated as the percentage of MSxR positive of the SYTOX 
Green negative population as initially gated based on controls, FSC and SSC (Figure 2.2). 
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Figure 2.1: Fluorescent dot plot and univariate histograms showing the distribution of 
Alexa Fluor 647 (AF647) and Propidium Iodide (PI) fluorescence in bull spermatozoa (X-
SS 2M) as determined by flow cytometry. The population of spermatozoa was identified 
based on the FSC and SSC variables and discriminated from debris, known as 
P01.Population. The fluorescence dot plot (a) reports the spermatozoa population positive 
and negative for AF647 and PI. The univariate histogram (b) represents the AF647 single 
colour control and displays the proportion of negative (unstained) and positive events for 
AF647 Red2 fluorescence in the Red Detector. The univariate histogram (c) represents a 
PI single colour control and displays the proportion of negative (unstained) and positive 
events for PI in the Yellow detector. 
 
 
Figure 2.2: Fluorescent dot plot and univariate histograms showing the distribution of 
MitoSOX and SYTOX green fluorescence in bull spermatozoa (X-SS 2M) as determined 
by flow cytometry. The population of spermatozoa was identified based on the FSC and 
SSC variables and discriminated from debris, known as P01.Population. The fluorescence 
dot plot (a) reports the spermatozoa population positive for MitoSOX Red and SYTOX 
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Green, and an unstained spermatozoa population which are negative for both stains. The 
univariate histogram represents (b) represents a MitoSOX single colour control and 
displays the proportion of negative (unstained) and positive events for MitoSOX Red 
fluorescence in the Red Detector. The univariate histogram (c) represents a SYTOX 
Green single colour control and displays the proportion of negative (unstained) and 
positive events for SYTOX Green in the Green detector. 
  




2.2.5 Statistical Analysis 
Data were examined for normality of distribution, tested for homogeneity of variance and 
transformed where appropriate. Data for spermatozoa acrosomal status and PLM (both 
from Experiment 1) were transformed using a Log10 transformation and a power 
transformation, (lambda = 1.0), respectively. Motility, agglutination, acrosome status and 
oxidative stress data were analysed using the general linear model repeated-measures 
procedure with a compound symmetry covariance structure in the Statistical Package for 
the Social Sciences (SPSS; version 22.0, IBM, Chicago, IL). The final model included the 
main effects of treatment, day, bull, treatment × day and treatment × bull. Where an effect 
was significant, a Bonferroni post hoc test was carried out to compare data groups of 
interest. Data presented in this paper are presented as the non-transformed values; 
however, all P-values were calculated using the transformed data where required. All data 









2.3.1 Experiment 1: Agglutination 
The two X-SS fresh treatments exhibited higher levels of agglutination compared to all 
other treatments (P<0.001; Figure 2.3). There was no effect of day (Days 1-3) or day × 
treatment interaction. A significant bull × treatment interaction (P<0.05) was evident in 
the X-SS fresh treatments. The bull with the highest overall level of agglutination (Bull F) 
had 65.4 ± 3.5% and 74.5 ± 2.1% spermatozoa agglutinated in the X-SS fresh 1M and 2M 
treatments, respectively, whereas the bull with the lowest levels of agglutination (Bull I) 










Figure 2.3: Agglutination of Non-sorted (NS) and Sex-sorted (SS) spermatozoa from 
dairy bulls (Experiment 1; Upper Panel) and beef bulls (Experiment 2; Lower Panel) 
assessed on Days 1, 2 and 3 post sex sorting; Vertical bars represent ± SEM; ns= not 







Treatment x Day: NS 
Treatment: P<0.001 
Day: NS 
Treatment x Day: NS 
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2.3.2 Experiment 1: Progressive Linear Motility 
There was an effect of treatment on PLM (P<0.01). PLM was highest in the NS frozen 
treatment and was statistically higher than the two X-SS fresh treatments on all 
assessment days (Table 2.1). It should be noted that PLM was assessed on the motile 
population of spermatozoa and may have been skewed by the high levels of agglutination 
in the SS fresh treatments. There was no effect of bull, day or day × treatment interaction 
for PLM. 
 
Table 2.1: Progressive linear motility (%) of Non-sorted (NS) and Sex-sorted (SS) 
spermatozoa from dairy bulls assessed on Days 1, 2 and 3 post sex sorting (Mean ± SEM; 
Experiment 1). 
 
NS frozen 20M treatment was from a different ejaculate to the other treatments; * 
Frozen treatments were thawed daily just before analysis on each assessment day; ns = 
not significant; 
a,b 
represents significant differences between treatments within each 
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2.3.3 Experiment 1: Acrosome Status 
The NS frozen treatment had the lowest percentage of viable acrosome intact 
spermatozoa in comparison to all of the X-SS treatments (Table 2.2). All of the fresh 
treatments, both SS and NS, showed similar levels of viable acrosome intact spermatozoa 
(P > 0.05). There was no bull × treatment interaction; however, there was an effect of bull 
on the level of viable acrosome intact spermatozoa (P < 0.01), indicating variability 
between animals in acrosomal status. There was no effect of day (Days 1-3) on the 
percentage of viable acrosome intact spermatozoa. 
 
Table 2.2: Viable acrosome intact spermatozoa (%) of Non-sorted (NS) and Sex-sorted (SS) 
spermatozoa from dairy bulls assessed on Days 1, 2 and 3 post sex sorting (Mean ± SEM; 
Experiment 1) 
 
NS frozen 20M treatment was from a different ejaculate to the other treatments; * Frozen 
treatments were thawed daily just before analysis on each assessment day; ns = not 
significant; 
a,b 
represents significant differences between treatments within each column; 
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2.3.4 Experiment 1: Oxidative Stress  
NS treatments, both fresh and frozen, exhibited a higher percentage of spermatozoa 
positive for superoxide (74.8 ± 5.90% and 52.8 ± 1.89%, respectively; Figure 2.4) 
compared to other treatments (< 45%; P<0.001). On Day 1, the NS fresh treatment had a 
greater proportion of spermatozoa positive for superoxide (76.0 ± 4.0%) compared to X-
SS fresh 1M and 2M treatments (40.5 ± 3.6% and 34.2 ± 2.4% on Day 1, respectively; 
P<0.001). There was no effect of day but there was a treatment by day interaction on 
superoxide production (Figure 2.2; P<0.05).   
 
2.3.5 Experiment 2: Agglutination  
The trends observed for agglutination in Experiment 1 were mirrored in Experiment 2. 
Higher levels of agglutination were observed in the three SS fresh treatments compared to 
the NS treatments (P<0.001; Figure 2.3). There was a day × bull interaction (P<0.01) as 
some bulls exhibited an increased level of agglutination with increasing day of storage. 
There was no effect of day or day by treatment interaction on agglutination. 
 
2.3.6 Experiment 2: Progressive Linear Motility  
The NS frozen treatment had higher overall PLM than the Y-SS fresh 2M treatment 
across all days (P<0.05; Table 2.3). Despite the high levels of agglutination in the fresh 
SS treatments all X- and Y-SS treatments had mean PLM scores ranging from 40-70 %. 
There was no effect of either bull or day (Days 1-3) on PLM.  
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Table 2.3: Progressive linear motility (%) of Non-sorted (NS) and Sex-sorted (SS) 
spermatozoa from Aberdeen Angus bulls assessed on Days 1, 2 and 3 post sex sorting 
(Mean ± SEM; Experiment 2). 
 
NS frozen 20M treatment was from a different ejaculate to the other treatments; * Frozen 
treatments were thawed daily just before analysis on each assessment day; ns = not 
significant; 
a,b,c 
represents significant differences between treatments within each column; 
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2.3.7 Experiment 2: Acrosome Status  
There was no effect of treatment on the percentage of viable acrosome intact 
spermatozoa, and no significant interactions were detected between bull, day or treatment, 
in any combination (Table 2.4). Day of storage had no effect on the percentage of viable 
acrosome intact spermatozoa.  
 
Table 2.4: Viable acrosome intact spermatozoa (%) of Non-sorted (NS) and Sex-sorted 
(SS) spermatozoa from angus bulls assessed on Days 1, 2 and 3 post sex sorting (Mean ± 
SEM; Experiment 2). 
 
NS frozen 20M treatment was from a different ejaculate to the other treatments; * 
Frozen treatments were thawed daily just before analysis on each assessment day; ns = 




2.3.8 Experiment 2: Oxidative Stress  
NS treatments, regardless of storage type, exhibited a higher proportion of spermatozoa 
positive for superoxide anion (P<0.05; Figure 2.4). NS treatments had 63-73% of the 
viable population positive for the superoxide anion, whereas, only 25-40% of the SS 
spermatozoa were positive for the superoxide anion. In addition, there was no effect of 
bull, day or day × treatment interaction. 




Figure 2.4: Presence of Super Oxide Anion in Non-sorted (NS) and Sex-sorted (SS) 
spermatozoa from dairy bulls (Experiment 1; Upper Panel) and beef bulls (Experiment 2; 
Lower Panel) assessed on Days 1, 2 and 3 post sex sorting; Vertical bars represent ± 






Treatment x Day: P<0.05 
Treatment: P<0.05 
Day: NS 
Treatment x Day: NS 




The main findings of this study were that (i) sex-sorting resulted in a more functional 
spermatozoa population with reduced oxidative stress and (ii) excessive agglutination in 
highly diluted fresh SS treatments indicates the need for a diluent tailored for SS fresh 
spermatozoa. This is the first published study to assess the in vitro characteristics of SS 
fresh (X- or Y-SS) and frozen bull spermatozoa from the same ejaculate. While there was 
no difference in the in vitro quality of X- and Y-SS spermatozoa sorted from the same 
ejaculate processed as fresh spermatozoa, SS fresh spermatozoa exhibited significantly 
higher levels of agglutination compared to the other treatments, regardless of whether 
they were X- or Y-SS. Irrespective of the way in which it was processed, SS spermatozoa 
had a lower percentage of spermatozoa positive for oxidative stress (superoxide anion) 
compared to the NS treatments. 
The incidence of spermatozoa agglutination in the SS and NS frozen treatments 
was within the normal range (< 10%), in agreement with findings of Carvalho et al. 
(2010). In the current study, however, there were abnormally high levels of agglutination 
in all of the SS fresh treatments, irrespective of whether they were X- or Y-SS. 
Spermatozoa agglutination has been known, from previous studies of domestic mammals, 
to be due to a variety of factors including media composition (Harayama et al. 2000), 
removal of spermatozoa surface anti-agglutinin (Lindahl and Sjoblom 1981; Yang et al. 
2012) as well as centrifugation and washing (Dott and Walton 1960; Suzuki and Nagai 
2003). However, the same sorting process was used for the SS frozen and fresh 
treatments, yet agglutination was only an issue in the latter, suggesting that either the 
freezing process dissociates any agglutination or the diluent used in freezing prevents 
agglutination in the SS frozen treatment. However, the differences in fresh treatment 
concentrations cannot be over looked as potential source of agglutination. 
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 In agreement with the present study, Yang et al. (2012) reported that the 
agglutination of NS fresh spermatozoa, stored in an egg yolk diluent, had no adverse 
effect on spermatozoa functionality in terms of acrosome integrity, but did interfere with 
spermatozoa oocyte interactions during IVF. However, it should be noted that the 
correlation between IVF success and field fertility is tenuous (Zhang 1999). In the current 
study, the conception rates for the SS frozen, SS fresh 2M and SS fresh 1M treatments 
(Experiment 1) were approximately 87, 80 and 75% of the conventional fresh treatment, 
respectively, (Butler et al. 2014a). This represents an improvement in fertility of frozen 
SS spermatozoa compared to that reported by DeJarnette et al. (2009) but was 
significantly lower than the 95% that Xu (2014) reported for SS fresh spermatozoa. The 
Xu (2014) study which was carried out over the years 2011 to 2013 inclusive, used XY 
SS spermatozoa in 2011 and 2012 and SexedULTRA
TM
 spermatozoa in 2013 
(Vishwanath, Sexing Technologies, USA, personal communication), while the current 
study used SexedULTRA
TM
 spermatozoa. Another key difference between the studies is 
that Xu (2014) used the Caprogen
TM
 diluent while in the current study Sexing 
Technologies own proprietary media (not disclosed) was used for all the fresh 
spermatozoa treatments and may at least in part explain the differences in observed 
fertility rates. While, there are no direct comparisons of agglutinated spermatozoa and 
field fertility in the literature, it is likely that the high levels of agglutination in this study 
compromised in vivo fertility. 
The negative effects of the SS process on PLM of spermatozoa were observed in 
both experiments. In particular, it was noteworthy that the NS fresh 3 x  10
6
 treatment had 
consistently higher PLM compared to the SS fresh spermatozoa treatments. This higher 
PLM was mainly attributed to the high occurrence of agglutination within the SS fresh 
treatments. A number of studies have reported that SS fresh spermatozoa has similar 
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motility characteristics to NS fresh spermatozoa in bulls (Klinc et al. 2007), boars (del 
Olmo et al. 2013) and stallions (Balao da Silva et al. 2013), but those studies did not 
report the high incidence of agglutination that was observed in this study. 
The NS frozen treatment had a significantly higher percentage of viable 
acrosome-reacted spermatozoa when compared to all the SS treatments in Experiment 1 
(both fresh and frozen) but this trend was not repeated in Experiment 2. Overall, the 
levels of viable acrosome reacted spermatozoa in both SS and NS treatments were 
comparable to other studies (Mocé et al. 2006; Pons-Rejraji et al. 2009) and was not 
affected by duration of storage. This is in agreement with Klinc et al. (2007) who reported 
a higher proportion of NS fresh spermatozoa with damaged acrosomes (12%) compared 
to SS fresh spermatozoa (6.2%) and this was not affected by duration of storage when 
stored for up to 48 h at 15 
o
C. 
As by-products of cellular respiration, ROS are required for inter- and intra-
cellular signalling (Rivlin et al. 2004; Aitken et al. 2012). However, ROS above basal 
levels can have detrimental effects on spermatozoa function (Guthrie and Welch 2012). 
The lower levels of oxidative stress in the SS treatments suggest that sex-sorting results in 
better quality spermatozoa. This would suggest that the sex sorting process may remove 
the major sources of ROS such as leukocyte contamination (human; Sikka 1996) and 
immature and/or morphologically abnormal spermatozoa (bull; Al-Makhzoomi et al. 
2008; Shojaei Saadi et al. 2013: human; Agarwal et al. 2003; De Vos et al. 2003; 
Walczak-Jedrzejowska et al. 2013). Mammalian spermatozoa can, however, 
spontaneously produce ROS such as superoxide anion (O'Flaherty et al. 2003), hydrogen 
peroxide (Alvarez et al. 1987) and nitric oxide (Chatterjee and Gagnon 2001). At low 
concentrations, these ROS play an important role in spermatozoa physiological processes, 
such as capacitation and the acrosome reaction in the bull (Breininger et al. 2010) and 
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human (de Lamirande et al. 1997) and also signalling during fertilization as seen in the 
bull (Morado et al. 2013) and mouse (Kodama et al. 1996). In excessive concentrations, 
however, ROS cause ATP depletion leading to insufficient axonemal phosphorylation 
(Bansal and Bilaspuri 2011), lipid peroxidation as well as loss of motility and viability 
(Sikka 1996; Bansal and Bilaspuri 2011) of mammalian spermatozoa.  
The in vitro results of the current study demonstrate that sex sorting results in a 
more functional spermatozoa population. Although this is in contrast to some previous 
studies (Suh et al., 2005, Mocé et al., 2006, Carvalho et al., 2010), other, more recent 
studies have reported improvements in fertility using SS spermatozoa (de Graaf et al., 
2014, Xu, 2014; as reviewed by Vishwanath 2014). SS fresh spermatozoa has immense 
commercial potential as it can be used at much lower spermatozoa numbers than SS 
frozen spermatozoa without the same reduction in fertility rates (Xu, 2014) and is 
especially attractive in seasonal grass-based production systems, such as in Ireland and 
New Zealand, where NS fresh spermatozoa is already in use. However, in this study there 
were abnormally high levels of head-to-head agglutination in the SS fresh treatments, 
which may explain the reduced fertility rates of the respective treatments in the 
corresponding field trial (Butler, 2014a). Clearly, this illustrates that semen diluents for 
SS fresh spermatozoa need to be carefully optimised to ensure agglutination of 
spermatozoa is at a minimum and does not compromise its success.  
In conclusion, this study characterises the in vitro quality of X- and Y-SS bull 
spermatozoa from the same ejaculate, processed as fresh or frozen and stored under field 
conditions. The results show that sex sorting can result in a more functional spermatozoa 
population in terms of lower levels of oxidative stress. However, the high levels of 
agglutination, observed in the fresh SS treatments, clearly demonstrate the need to 
optimise the composition of semen diluents for SS fresh spermatozoa. The use of sex-
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sorted (SS) fresh spermatozoa has the potential to yield higher pregnancy rates than SS 
frozen spermatozoa as spermatozoa are not subjected to the insult of cryopreservation 


















Relationship between In vitro 
Spermatozoa Functional Assessments, 
Seminal Plasma Composition and Field 
Fertility following AI with either Non-
Sorted or Sex-Sorted Bull Semen 
  




This study aimed to identify different in vitro parameters to potentially predict the fertility 
of non-sorted (NS) and sex-sorted (SS) bovine semen. Both functional parameters 
(Experiment 1) and seminal plasma (SP) composition (Experiment 2) were correlated 
with pregnancy rates of two cohorts of bulls (NS and SS) with varying pregnancy rates. 
Experiment 1: ejaculates from each bull (n = 3 ejaculates per bull; n = 6 bulls for both NS 
and SS) were assessed for motility, thermal stress tolerance and morphology using 
microscopy, and viability, osmotic resistance, mitochondrial membrane potential and 
acrosome integrity were assessed using flow cytometry. Fertilising ability was assessed 
using in vitro fertilization (IVF). Experiment 2: ejaculates (n=3 per bull; n = 8 and 6 bulls 
for NS and SS, respectively)  were collected, SP harvested and frozen and later analysed 
for amino acid and fatty acid composition using gas chromatography mass spectrometry. 
In the NS cohort of bulls there was no correlation between phenotypic pregnancy rates 
and any of the spermatozoa functional parameters assessed. However, within the SS 
cohort of bulls motility and viability were correlated with pregnancy rate (r =0.84 and 
0.80 respectively; P<0.05). In the NS cohort of bulls the amino acid isoleucine and the 
fatty acid tricosylic acid (C23:0) were correlated with pregnancy rate (r =0.80 and 0.74, 
respectively; P<0.05). Within the SS cohort of bulls, the amino acid glutamic acid and the 
fatty acid arachidic acid (C20:0) were correlated with pregnancy rates (r =0.84 and 0.82, 
respectively; P<0.05). This study suggests that different markers of fertility are required 








Currently, the only reliable method to assess the fertility of a bull is to perform test 
inseminations in the field. However, this takes time, is costly for the industry and is 
challenged by the fact that the fertility of individual sires can vary over time (DeJarnette 
and Amann 2010, Amann and DeJarnette 2012). Furthermore, with the advent of genomic 
selection, elite bulls are being used at a younger age and are typically only in demand for 
a short time, after which they are surpassed by the next, genetically superior, generation 
(Berry et al. 2009, Schefers and Weigel 2012, Hayes et al. 2013). This intensive use and 
high turnover rate of AI sires leaves insufficient time to assess the fertility status of a bull 
before widespread use of his semen in the field (DeJarnette and Amann 2010). This is 
especially true in seasonal grass-based production systems, such as those operated in 
Ireland and New Zealand, where the breeding season is condensed into approximately 3 
months (Evans et al. 2006). These issues may be exacerbated when sex-sorted (SS) 
semen is used; even though quality control standards are higher for semen entering the 
sex-sorting process, the low number of spermatozoa per straw (typically 2.1 million) 
leaves little room to compensate for low fertility bulls. 
Artificial insemination centres have traditionally used classical microscopy-based 
spermatozoa assessment pre- and post-thawing to assess motility, viability and 
morphological parameters. While useful as quality control checks for semen collection 
and processing procedures, such parameters are limited in their usefulness to predict the 
fertility of semen (Rodriguez-Martinez 2006, DeJarnette and Amann 2010). More 
technically advanced in vitro techniques are constantly being pursued to assess 
spermatozoa physiology in an attempt to relate it to field fertility. Studies have previously 
assessed parameters such as spermatozoa viability (Graham et al. 1990, Alm et al. 2001, 
Gillan et al. 2008, Christensen et al. 2011), membrane integrity (Oliveira et al. 2013), 
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capacitation status (Alm et al. 2001, Gillan et al. 2008), acrosome status (Correa et al. 
1997, Gillan et al. 2008, Christensen et al. 2011), mitochondrial activity (Graham et al. 
1990), in vitro fertilization (IVF; Ward et al. 2001), spermatozoa mucus penetration (Al 
Naib et al. 2011a) and chromatin/DNA integrity (Januskauskas et al. 2001, Gillan et al. 
2008). Despite a number of these studies reporting correlations with field fertility, 
however, no single in vitro assessment can reliably predict fertility which indicates the 
need for a multifactorial approach to predict fertility. A recent study by Sellem et al. 
(2015) demonstrated that a combination of computer-assisted spermatozoa analysis 
(CASA) and flow cytometric parameters could explain only 40% of the variation in sire 
conception rate.  It is apparent that additional tests are required.  
Seminal plasma (SP) is a complex fluid containing a wide range of energy 
substrates, buffers, electrolytes, prostaglandins, amino acids, binding proteins and lipids 
(Juyena and Stelletta 2012, Druart et al. 2013, Boe-Hansen et al. 2015) which is added to 
spermatozoa during ejaculation (Mann 1954). During natural mating, SP helps to 
compensate for the hostile environment in the female reproductive tract and facilitates 
spermatozoa transit towards the site of fertilization in the oviduct (Maxwell et al. 2007). 
It is also thought to be involved in the regulation of spermatozoa capacitation (Manjunath 
and Therien 2002), spermatozoa storage in the reproductive tract (Talevi and Gualtieri 
2010) and the identification and immuno-recognition of spermatozoa by the female 
(Talevi and Gualtieri 2010). Contrasting evidence from studies regarding the effect of SP 
on ram spermatozoa fertility has previously been reported. Both Maxwell et al. (1999) 
and Leahy and de Graaf (2012) reported beneficial effects of ram SP on in vitro 
parameters of both fresh and frozen-thawed ram spermatozoa. In contrast, O’Meara et al. 
(2007) reported no effect of SP from high or low fertility rams on the fertility of frozen-
thawed ram spermatozoa. In bulls, SP has previously been shown to negatively affect 
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spermatozoa motility (Baas et al. 1983) as well as viability and acrosome integrity (Way 
et al. 2000) in vitro. Removal of cholesterol from the spermatozoa membrane has been 
reported to occur during collection of semen due to the continuous exposure to bovine 
seminal plasma proteins (Bergeron et al. 2004).  
While there is significant variation in the composition of SP between species 
(Druart et al. 2013), studies have also demonstrated significant variation between 
individual bulls (Jobim et al. 2004), seasons (Argov et al.) and bulls of different ages 
(Argov-Argaman et al. 2013). A small number of studies have indicated that differing 
fatty and amino acid compositions of SP between males may be an indicator of 
fertility.Am-in et al (2011) demonstrated that SP from boars with normal spermatozoa 
motility had significantly greater docosahexaenoic acid (DHA) content compared to that 
from boars with poor spermatozoa motility. Furthermore, SP from men of apparantly 
normal fertility had a lower arachidonic acid and higher DHA content compared to 
infertile men (Safarinejad et al. 2010). Kumar et al (2015) identified citrate, taurine, 
isoleucine and leucine as fertility-associated metabolites in bovine SP.  
Most studies investigating in vitro predictors of fertility have focused on non-
sorted (NS) spermatozoa and it is unclear if different parameters are required to predict 
the fertility of sex-sorted semen. Thus, the aim of this study was to correlate in vitro bull 
spermatozoa functional parameters (Experiment 1) and seminal plasma (SP) composition 
(Experiment 2) with pregnancy rates using two cohorts of bulls (NS and SS) with varying 
pregnancy rates (NS range 35 – 69 %; SS range 28 – 58 %) 
 
3.2 Material and Methods 
3.2.1 Sample Selection 
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A panel of Holstein Friesian bulls (n = 14) whose semen was commercially used in AI as 
NS (8 bulls; 39,366 inseminations) or SS (6 bulls; 1,486 inseminations) was selected 
according to both adjusted and phenotypic pregnancy rates. Adjusted pregnancy rate was 
modelled on the  raw pregnancy data which was then adjusted for factors, including 
semen type (frozen, fresh), parity of cow, month of service, day of the week when 
serviced, service number, cow genotype, herd, AI technician effect, bull breed and 
weighted for number of service records. Adjusted pregnancy rates ranged from 8 to -18% 
in the NS cohort and 7 to -18% in the SS cohort. 
Phenotypic pregnancy rate (Al Naib et al. 2011b, Berry et al. 2011)was where a 
cow/heifer was confirmed to be pregnant to a given service either by a calving event from 
265 to 295 days (as only Holstein bulls were used in this study) and/or whereby a repeat 
service (or a pregnancy scan) deemed the animal not to be pregnant to the said service. 
Cows/heifers which were culled or died on farm were omitted. Phenotypic pregnancy rate 
ranged from 35 to 69% in the NS cohort and 28 to 58% in the SS cohort (Table 3.1) and 
followed a similar trend to the adjusted pregnancy rates of the same cohorts of bulls.  
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Table 3.1: Phenotypic pregnancy rates of bulls of varying fertility whose semen was 
inseminated as non-sorted (NS) or sex-sorted (SS) spermatozoa into both cows and 
heifers.  
 




Bull Number Bull Age NS Semen SS Semen 
 
NS Semen SS Semen 
1 8 18037  67  
2 1 233   64  
3 2 5046   69  
4 2 893   41  
5 2 864   35  
6 2 10422   50  
7 
*
 2 1790   54  
8 
*
 4 2081   67  
9 2  210   51 
10 2  290   55 
11 2  220   58 
12 8  329   47 
13 2  218   28 
14 3  219   48 
Mean 
±S.E.M. 
    55.9 ±4.59 Ψ 47.8 ±4.32 
*
Bulls 7 and 8 were included for analyses in Experiment 2 only; 
Ψ
Mean phenotypic 
pregnancy rate for NS cohort includes bulls 7 and 8 
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3.2.2 Experimental Design: Spermatozoa Functional Assessments 
The aim of this experiment was to assess the correlation between a range of in vitro 
spermatozoa functional parameters and pregnancy rates following AI of NS (20 x 10
6
 
spermatozoa per 0.25 mL straw; n = 6 bulls; Bulls 1 to 6; Table 1) and SS (2.1 x 10
6
 
spermatozoa per 0.25 mL straw; n = 6 bulls; Bulls 9 to 14; Table 1) frozen-thawed 
spermatozoa. Bulls used in this study were reared at a number of different AI studs; all 
were fed based on diet of concentrates and forage, they were housed throughout the year 
in individual pens.  Bulls from the NS cohort ranged in age from 2-8 years and were 
sourced from one AI company. Bulls from the SS cohort ranged in age from 2-8 years 
and were sourced from two different AI companies, however all sex-sorting was carried 
out in the same lab. Sex sorting was carried out according to standard procedures with a 
targeted purity for the X spermatozoa fraction of 90%. Sex sorting was performed on a 
high speed flow cytometer at 40 psi with a 70 µm nozzle and vanguard laser set at 200 
mW. The event rate was controlled between 20,000 and 21,000 events per second 
(Holden et al. 2016). All samples underwent pre and post thaw assessments of motility 
(>3 of 5 motility score both pre freeze and post thaw), viability (>70 % pre freeze and 
>50 % post thaw) and concentration (treatment dependant) as quality control measures 
typically practiced by the industry. Cryopreservation of spermatozoa from both cohorts 
was carried out using a Digitcool programmable step down freezer (IMV 
Technologies). Straws were frozen to -140
o
C over a period of 7 min period and 
submerged into liquid nitrogen (-196
o
C).  
Bulls 7 and 8 (Table 3.1) were not used in this experiment due to logistical 
constraints. A minimum of three straws from each of three ejaculates for each bull were 
analysed for a range in vitro spermatozoa functional assessments. These included 
motility, viability, morphology, thermal stress tolerance, hypo-osmotic swelling test 
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(HOST), mitochondrial membrane potential and acrosome integrity (n= 9 per bull). In 
addition, cleavage rate and blastocyst development rate were assessed following IVF (n= 
9 per bull). Detailed description of methods can be found later in this section. 
 
3.2.3 Experimental Design: Amino Acid and Fatty Acid Profile of Seminal Plasma 
The aim of this experiment was to characterize the fatty acid and amino acid composition 
of SP and assess whether this could explain the variation in pregnancy rates of bulls 
whose spermatozoa was used as NS or X-SS (sex sorted for X- chromosome bearing 
spermatozoa) frozen-thawed spermatozoa. Ejaculates from the same bulls employed in 
Experiment 1, with the addition of two bulls (Bulls 7 and 8 to the NS cohort; Table 3.1), 
were collected at a commercial AI centre using an artificial vagina (n= 3 ejaculates per 
bull) with a minimum interval of 3 days between collections. Each ejaculate was 
centrifuged at 4,000 g for 10 min at 4 
o
C, the SP was snap frozen in liquid nitrogen and 
stored at -80 
o
C. SP was subsequently analysed for amino acid and fatty acid composition 
by gas chromatography mass spectrometry (GC-MS). Description of methods can be 
found later in this section. 
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3.2.4 Spermatozoa Functional Assessments: Motility and Thermal Stress Test 
In Experiments 1 and 3(b), motility was subjectively assessed by placing a drop of semen 
(5 µL) on a pre-warmed slide and assessing 100 spermatozoa under a phase contrast 
microscope (40x). Motility was defined as the number of spermatozoa swimming in a 
linear fashion as a percentage of the total population. The thermal stress test assessed the 
reduction in motility of the spermatozoa population following 3 h incubation (100 µL 
sample) at 37 
o
C.   
 
3.2.5 Spermatozoa Functional Assessments: Morphology and Hypo-Osmotic Swelling 
Test 
Spermatozoa morphology and osmotic swelling were assessed using nigrosin-eosin 
staining (spermatozoa:stain ratio of 1:1) as described previously (Druart et al. 2009, 
Kiernan et al. 2013). Abnormalities were separated into two categories: (i) morphological 
abnormalities of the head; and (ii) abnormalities of the neck and tail (Beletti and Mello 
2004). For the HOST, swollen spermatozoa were identified by the bent spermatozoa tail 
or a thicker swollen tail shaft caused by the osmotic intake of surrounding fluids into the 
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3.2.6 Flow Cytometric Assessments: Acrosome Integrity, Viability, Mitochondrial 
Membrane Potential and DNA Fragmentation 
Acrosomal integrity was assessed using the fluorescent stain Alexa Fluor PNA 647 
(Ex/Em 650/658; Life Technologies, Carlsbad, CA, USA) which fluoresces in the 
presence of the enzyme acrosin which is exposed upon the loss of the acrosomal cap. 
Alex Fluor PNA 647 was added to 500 µL of spermatozoa diluted to 300 x 10
5
 
spermatozoa per mL in BWW medium (Koppers et al. 2008) to give a final concentration 
of 6 µg/mL and incubated in the dark at 37 
o
C for 15 min. Propidium iodide (PI; Ex/Em 
535/617 nm; Life Technologies, Carlsbad, CA, USA) was then added to the sample at a 
final concentration of 12 µM and incubated in the dark for 5 min at 37 
o
C (Murphy et al. 
2015, Standerholen et al. 2015). Samples were analysed on a flow cytometer (Guava 
easyCyte 6HT2L, Merck Millipore, Billerica, MA, USA) equipped with both a Krypton 
(640 nm) and an Argon (488 nm) laser. Appropriate single colour controls were prepared 
to establish the respective fluorescent peaks of the individual stains. These were used in 
conjunction with the forward scatter (FSC) and side scatter (SSC) signals to discriminate 
spermatozoa from debris. Fluorescent events were recorded using GuavaSoft (version 2.5; 
Millipore, Billerica, MA, USA). All variables were assessed using logarithmic 
amplification and 10,000 gated events were captured for each sample. Presence of a 
reacted acrosome was defined as the percentage of viable spermatozoa positive for Alexa 
Fluor PNA 647 (PI-/Alexa Flour PNA 647+). All percentages were calculated as part of 
the total gated population.  
In Experiment 1, viability was assessed from the acrosomal status assay 
(described above), calculated as the percentage PI negative spermatozoa from the total 
gated population. Mitochondrial membrane potential (MMP) was assessed using the 
fluorescent stain JC-1 (Ex/Em 514/529; Life Technologies, Carlsbad, CA, USA). This 
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single stain, excited by the Argon Laser (488 nm), fluoresces both red and green to 
indicate high and low mitochondrial membrane potential, respectively. JC-1 was added to 
500 µL of spermatozoa diluted to 300 x 10
5
 spermatozoa/ mL in BWW  to give a final 
concentration of 1.5 µM and incubated in the dark at 37 
o
C for 5 min. In the presence of 
high MMP the probe fluoresces red due to accumulation of the stain within the 
mitochondrial membrane. The occurrence of a high mitochondrial membrane potential 
was measured by the percentage of red fluorescent spermatozoa in the gated population. 
DNA fragmentation was assessed using Acridine Orange, which stains for 
chromatin integrity. When excited in the presence of double stranded DNA it fluoresces 
green (530 ± 30 nm), and when excited in the presence of single stranded DNA it 
fluoresces red (>630 nm). Spermatozoa were diluted to 1 x 10
6 
spermatozoa per mL in 1 
mL of ice cold Buffer Solution (0.1 M Tris, 0.15 M NaCl and 0.001 M EDTA). This 
spermatozoa solution was then diluted in an acid detergent (1:2; 0.15 M NaCl, 0.08 N 
HCl and 0.1% Triton x100 ; pH 1.2) on ice. After 30 s 1.2 mL of staining solution was 
added to the spermatozoa-detergent solution (1:8). After a 3 min incubation, spermatozoa 
were analysed on the flow cytometer. DNA fragmentation was measured by the 
percentage red fluorescence in the total gated fluorescent population. 
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3.2.7 Oocyte retrieval and In vitro Maturation, Fertilization and Embryo Culture  
In vitro maturation (IVM) was carried out as described by (Ward et al. 2001). Cumulus 
oocyte complexes (COCs) were aspirated from 2 to 8 mm follicles from the ovaries of 
slaughtered cows and heifers. Good quality COCs were matured in groups of 50 in 500 
µL of TCM-199 supplemented 10 ng/mL epidermal growth factor and 10% (vol/vol) fetal 
calf serum (FCS) for 24 h at 39 
o
C under 5% CO2 in air with maximum humidity. 
Spermatozoa concentration was assessed using a haemocytometer and diluted to 2 
x 10
6
 spermatozoa/ mL in fertilization medium. Following maturation, COCs were 
washed twice in fertilization media and transferred in groups of 50 into four-well dishes 
containing 250 µL of fertilization media. To each well, 250 µL of fertilization medium 
(containing 2 x 10
6
 spermatozoa per mL) was added to give a final concentration of 1 x 
10
6
 spermatozoa per mL. At 24 h post insemination presumptive zygotes were denuded of 
cumulus cells by vortexing for 2 min in 2 mL of PBS. In vitro culture (IVC) was carried 
out in 25 µL culture droplets of synthetic oviduct fluid (SOF) under mineral oil. Oocyte 
cleavage was assessed on Day 2 (48 h post insemination) and blastocyst development was 
assessed on Days on 6, 7, 8 and 9. 
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3.2.8 Analysis of Seminal Plasma Metabolites 
SP samples were thawed on ice prior to analysis. Fatty acid extraction of thawed SP 
samples was carried out according to Bender et al. (2010). Briefly, 200 µL of sample was 
combined with 20 µL of 1 mg/mL nonadecanoic acid (C19:0) as an internal standard and 
extracted using a 1:2 mixture of chloroform:methanol. Extracts were derivatised by 
methylation using methanolic BF3 and derivatives were re-suspended in 200 µL of 
hexane and analysed on an Agilent 7890A GC coupled with a 5975C MS with an Agilent 
HP-5ms 30 m×250 μm×0.25 μm column.  One microlitre of the derivitised sample was 
injected in splitless mode, and the initial oven temperature of 70 °C was raised to 220 °C 
at 5 °C/min, held for 20 min, and then raised to 320 °C at 20 °C/min. 
Amino acid analysis of the thawed SP samples were carried out using the 
Phenomenex EZ:faast kit™ (Phenomenex, Cheshire, United Kingdom) and according to 
Forde et al. (2015). Briefly, 100 µL of sample was combined with 100 µL of 0.2 nM 
Norvaline as an internal standard. A solid-phase extraction step was performed followed 
by derivatisation of the extracted amino acids to form chloroformates. The samples were 
analysed using a GC/MS system.  
Compound identification and calibration was achieved by comparison of peak areas for 
fatty acids and amino acids with reference to known standards (Supelco 37 component 
FAME mix; Sigma Aldrich, Ireland and EZ:Ffaast kit standards; Phenomenex) using 
Agilent Chemstation (software version MSD E.02.00.493) and by comparison of their 
mass spectra with those in the National Institute of Standards and Technology (NIST) 
Library version 2.0. For further details please refer to Forde et al. (2015).  
 
3.2.9 Statistical Analysis 
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Bull was used as the experimental unit throughout all analyses.  Data analysis was carried 
out using the Statistical Package for the Social Sciences (SPSS software; version 20.0, 
IBM, Chicago, IL). Data were examined for normality of distribution and correlated with 
phenotypic pregnancy rates of corresponding bulls (Pearson correlation – Parametric data; 
Spearman correlation – Non-parametric data). Parameters were correlated back to the 
phenotypic pregnancy rates as they were differentiated between semen types (e.g. fresh, 
frozen, SS and NS). All results are reported as the mean ± S.E.M. 
 
  




3.3.1 Spermatozoa Functional Assessments 
Within the NS cohort of bulls, none of the in vitro parameters assessed were correlated 
with phenotypic pregnancy rate (all P>0.05).  However, within the SS cohort both total 
motility and viability were correlated with phenotypic pregnancy rate (P<0.05; Table 
3.2). The correlation between pregnancy rate and Day 6 blastocyst approached 
significance (P=0.08; Table 3.2). Although it was not the primary aim of the experiment, 
it should be noted that NS spermatozoa exhibited greater osmotic resistance, higher 
mitochondrial membrane potential whereas SS spermatozoa exhibited greater post-
thawed viability (P<0.05; Figure 3.1; Table 3.2). In contrast, SS spermatozoa also 
exhibited greater loss in motility post thermal stress test (P<0.05; Figure 3.2; Table 3.2).  
 
Figure 3.1: Post-thawed viability, osmotic resistance and mitochondrial membrane 
potential of both non-sorted (NS) and sex-sorted (SS) spermatozoa. Vertical bars 
represent S.E.M., * represents a significant difference between treatments.  





Figure 3.2: Post-thawed motility and poste thermal stress motility of both non-sorted 
(NS) and sex-sorted (SS) spermatozoa. Vertical bars represent S.E.M., * representa a 










Table 3.2: Correlations between in vitro spermatozoa functional parameters and phenotypic pregnancy rate in bulls of varying fertility 
whose spermatozoa was used as non-sorted (NS) and sex-sorted (SS) spermatozoa. 
 S.E.M., standard error of the mean. 
a 
Three replicates (straws) were assessed from each of three ejaculates for each bull. 
b
 All parameters were correlated back to individual pregnancy rates; NS= non-significant. c Mean pregnancy rate for bulls 1 to 6 only.





3.3.2 Experiment 2: Amino Acid and Fatty Acid Profile of Seminal Plasma  
There was a wide range of amino acid concentrations in SP between individual bulls 
(Table 3). Glutamic acid was the most abundant across all bulls followed by glutamine, 
alanine, serine and glycine. In the NS cohort of bulls, isoleucine concentration in SP was 
correlated with pregnancy rate (r = 0.80; P < 0.05; Table 3), while correlation with valine 
concentrations approached significance (r = 0.63; P = 0.09; Table 3). Within the SS 
cohort, glutamic acid was correlated with phenotypic pregnancy rate (r = 0.84; P < 0.05; 
Table 3) while aminoisobutyric acid approached significance (r = -0.78; P = 0.07; Table 
3). 
Docosahexanoic acid and palmitic acid were the most abundant fatty acids in all SP 
samples (44.5 ± 0.78% and 25.9 ± 0.51% of total fatty acids, respectively; Table 4). There 
was a correlation between tricosylic acid (C23:0) concentration and pregnancy rate for 
NS bulls (r = 0.74; Table P < 0.05; Table 4). Within the SS cohort, arachidic acid (C20:0) 
was correlated with pregnancy rate, while elaidic acid approached significance (r = 0.82 







Table 3.3: Correlations between the amino acid profile of seminal plasma and phenotypic pregnancy rate bulls of varying fertility whose 
spermatozoa was used as non-sorted (NS) and sex-sorted (SS) spermatozoa. 
 
NS= non-significant; SEM, standard error of the mean. 
a
 All amino acid concentrations were correlated back to individual pregnancy rates. 
b 








Table 3.3: Correlations between the amino acid profile of seminal plasma and phenotypic pregnancy rate bulls of varying fertility whose 
spermatozoa was used as non-sorted (NS) and sex-sorted (SS) spermatozoa. 
  
NS= non-significant; SEM, standard error of the mean. 
a








Three ejaculates were assessed for each bull.  





Here we describe the relationship between spermatozoa function, SP composition and 
field fertility for both NS and SS bull spermatozoa. The main findings of this study were 
that both motility and viability of frozen-thawed SS spermatozoa were positively 
correlated with phenotypic pregnancy rate. Interestingly, this study has also identified 
correlations between certain SP components and fertility for both NS (isoleucine and 
tricosylic acid) and SS (glutamic and aracidic acid) bulls.  
From both this study and previous literature it is evident that bull fertility is a 
multifactorial issue. It is generally accepted that male factors contribute to approximately 
40% of infertility cases (Sullivan 2004). Given that NS and SS spermatozoa are subjected 
to very different processing techniques, and therefore it is reasonable to hypothesise that 
in vitro assessments of semen quality should be tailored to reflect this. When taking into 
account physiological parameters assessed, it is important to note that all ejaculates used 
in this study were assessed for typical quality control parameters (spermatozoa 
concentration, motility, and viability) at the AI centres and again at the sorting facility for 
the SS cohort. However, in agreement with other studies (see review by DeJarnette and 
Amann (2010) significant variability persists in the subsequent phenotypic pregnancy 
rates (NS: 35-69%; SS 28-58%), indicating that these quality control parameters are 
limited in their ability to predict fertility. The identification of spermatozoa motility and 
viability as SS fertility markers agrees with findings from previous studies using NS 
spermatozoa (Phillips et al. 2004, Gillan et al. 2008, Rabidas et al. 2012). Motility and 
viability have been described as compensable traits (Saacke et al. 2000, Peddinti et al. 
2008) and may explain why these traits were positively correlated with pregnancy rate for 
the SS but not the NS bulls, due to the near 10-fold higher spermatozoa concentration in 
the NS straws. In addition, SS spermatozoa represent a highly selected population of 




spermatozoa and thus its characteristics are likely to be different to NS spermatozoa. 
Whereas many of these studies identify markers/ correlates to high fertility it must be 
noted that it is more economical to industry to identify bulls who suffer low or infertility. 
The key traits that effect the economics of overall fertility include calving interval, 
survivability, level of AI use and overall labour efficiency (Shalloo et al. 2014). The 
identification of a low fertility bull prior to the breeding season, particularly compact 
breeding seasons, is imperative if a 365 day calving interval is to be achieved. 
This data also alludes to the different physiological functional status of both SS 
and NS spermatozoa as evident in Table 2 particularly when taking into account the 
ranges of these parameters between the different techniques. SS exhibited a higher range 
of post thaw viability and normal spermatozoa morphology. This is undoubtedly a result 
of the sorting techniques high accuracy and purity (90%). However, with regards to more 
functional parameters such as post thaw motility, thermal stress motility, osmotic 
resistance and levels of intact acrosome, the NS cohort exhibits greater preservation of 
spermatozoa functions post thaw when compared to the SS cohort (Table 2). Holden et al. 
(2016) and other studies have shown that the sex sorting technique may remove the major 
sources of ROS such as leukocyte contamination (human; Sikka 1996) and immature 
and/or morphologically abnormal spermatozoa (bull; Shojaei Saadi et al. 2013 and 
human; Agarwal et al. 2003) which would result in the higher morphologically normal 
and viable populations. However, the stressors that spermatozoa encounter during the 
sorting process may have adverse effects on the longevity of spermatozoon function (Suh 
et al. 2005, Mocé et al. 2006, Carvalho et al. 2010). Taking this into account, it is also 
important to note that sex-sorting via flow cytometry is an ever evolving process and 
more recent studies using different methods of sex sorting have reported comparable 
conception rates between NS and SS (Vishwanath 2015). 




SP has many functions regarding successful fertilisation. Firstly it is the transport 
medium by which spermatozoa are delivered to the female reproductive tract. Maxwell et 
al. (2007) describes SP as a complex secretion of inorganic ions, sugars, organic salt, 
lipids, enzymes, prostaglandins, proteins and various other factors.  However, its 
composition varies between species (Aumuller and Seitz 1990, Druart et al. 2013) and 
even between males of the same species (Rodríguez‐Martínez et al. 2011). Other than 
aiding spermatozoa function and transport (Druart et al. 2013), female absorption of SP 
has been proposed to have positive effects on implantation and subsequent embryo 
development (Robertson 2005). SP can both stimulate and inhibit spermatozoa function. 
However, the in vitro processing of spermatozoa can disrupt this balance (Leahy and de 
Graaf 2012). Within the NS cohort of bulls, the amino acid isoleucine, which is converted 
to acetyl CoA during production of ATP (Akram 2014), exhibited a significant positive 
correlation with phenotypic pregnancy rate. Together with valine which in this study 
approached a significant positive correlation with pregnancy rate, these amino acids have 
previously been reported to form hydrophobic pockets during spermatozoa protamination 
(Balhorn et al. 1991). Isoleucine and leucine are also responsible for delaying calcium 
uptake by ejaculated spermatozoa by altering active transport across the spermatozoa 
plasma membrane (Rufo et al. 1982). Therefore, it may be that greater concentrations of 
these constituents positively affects pregnancy rate by providing reserves during periods 
of stress. In contrast, in the SS cohort of bulls, glutamic acid was positively correlated 
with phenotypic pregnancy rates. Glutamic acid is a major constituent of glutathione 
which has been shown to prevent cellular damage to cells caused by reactive oxygen 
species and lipid peroxidation (Arai et al. 1999). This is not surprising given the 
processing technique that SS spermatozoa underwent. Compared to NS spermatozoa, 
which are diluted in media almost immediately post ejaculation, the ejaculates that 




underwent sorting were transported to the sex-sorting centre undiluted, meaning that 
spermatozoa were in SP for up-to 2.5 h before dilution. Therefore, it is logical that 
different SP constituents would correlate to SS and NS pregnancy rates due to the need 
for preservation of spermatozoa function, namely motility and viability, during initial 
packaging processes. This extended period of SP incubation incurred by the SS cohort 
may also explain the directional change of the SP composition correlates, from mainly 
positive to negative, between the NS and SS cohorts indicating cellular stresses with 
extended exposure to SP. Within the SS cohort, this study also found that arachidic acid, a 
hydrogenated form of arachidonic acid, correlated positively with phenotypic pregnancy 
rate. Arachidonic acid has previously been reported to be involved in the cascade of 
caspase reactions leading to apoptosis of stallion spermatozoa (Macías García et al. 2011) 
and has also previously been positively correlated with capacitation and acrosome 
reaction mechanisms with its release being a marker of endogenous lipids degradation 
(Maccarrone et al. 2000, Maccarrone et al. 2005).  
In conclusion, this study has identified markers of spermatozoa function and SP 
composition that were correlated with the fertility of both NS and SS spermatozoa 
highlighting the need for differing fertility markers for NS or SS spermatozoa. Tailoring 
in vitro assessments to the different processing types, rather than running general 
assessment across all may help identify, in particular, bulls of low or below average 
fertility who generally lead to economic loss. This need to tailor assessments may also be 
true for frozen thawed and fresh samples.  A larger scale study is required to validate the 
markers of fertility identified in this study, preferably using semen that can be tracked in 
the field on an ejaculate by ejaculate basis. 











Effect of Seminal Plasma from High and 
Low Fertility Bulls on Caudal Epididymal 
Spermatozoa Function 





The aim of this study was to characterise the effect of seminal plasma (SP) from bulls of 
high or low fertility on sperm function. Firstly, the effect of SP on the motility of fresh 
cauda epididymal spermatozoa (CES) and frozen-thawed ejaculated spermatozoa was 
assessed (Experiment 1a). Seminal plasma was then collected from bulls of known high 
and low fertility. Pooled CES were incubated in the SP from each bull, diluted, and 
assessed for motility and viability on Days 1, 2, 3 and 5 post packaging as fresh semen 
(Experiment 1b); motility, kinematics, viability and mitochondrial membrane potential 
post-thawing (Experiment 1c); as well as hypotonic resistance (Experiment 2) and 
fertilisation potential using in vitro fertilisation (Experiment 3). Seminal plasma increased 
the motility of CES (P<0.05); however, there was no effect of SP on the fresh CES 
motility and viability, or on the CES post-thaw motility, viability and mitochondrial 
membrane potential (P>0.05). The hypotonic resistance of CES was reduced by SP 
(P<0.05), irrespective of whether the SP was from high or low fertility bulls. Seminal 
plasma from high or low fertility bulls had no effect on cleavage or blastocyst rates 
(P>0.05). In conclusion, SP affects the physiological function of CES but there is no 
difference between SP from high or low fertility bulls.   
  





The role of seminal plasma (SP) in fertility has been the subject of some debate (reviewed 
by Bromfield 2016). Studies in rodents (Pang et al. 1979, Queen et al. 1981) involving 
removal of the various accessory sex glands provided evidence that that absence of 
seminal fluid at mating resulted in impaired fertility. Subsequent studies in rodents 
demonstrated a key role for seminal fluid in optimal robust embryo implantation and 
placental development (Bromfield et al. 2014) and there is emerging evidence of similar 
effects in women (Robertson and Sharkey 2016).  
In contrast, data from cattle supporting a role for SP in pregnancy establishment 
are less convincing. Faulkner et al. (1968) reported that seminal vesiculectomy in bulls 
had no effect on their subsequent fertility. Odhiambo et al. (2009) did not find any 
conclusive evidence for an effect of uterine pre-sensitization with SP (0.5 ml inseminated 
12 h before or at the time of AI) on pregnancy outcome in lactating dairy or beef cows. 
Pfeiffer et al. (2012) reported no difference in pregnancy rates in beef heifers and cows 
exposed to a vasectomized bull for 21 days prior to AI compared with control animals 
with no exposure (42.2% vs 49.5%, respectively), while (Lima et al. 2009) reported no 
difference in reproductive performance of lactating dairy cows bred by timed AI or 
natural service, suggesting SP does not play a critical role in establishment of pregnancy. 
Furthermore, pregnancies have been achieved in cows following insemination with 
caudal epididymal spermatozoa (CES) in the absence of any contact with SP (Bertol et al. 
2016). 
The addition of SP to fresh bull semen has been reported to have a positive effect 
on spermatozoa viability, particularly at low spermatozoa concentrations (<10 x 10
6
 
spermatozoa per mL (Garner et al. 2001). Similar data on the positive effect of adding SP 
back post-thaw to ram spermatozoa have been reported de Graaf et al. (2007). 




Furthermore, Graham (1994) found a significant effect of the sire (ram and bull) from 
which the SP was collected on both cooled and post-thaw motility of CES incubated in 
SP prior to cryopreservation. However, these differences were not correlated with in vivo 
fertility status. A previous study by Henault et al. (1995) reported  that the incubation of 
spermatozoa from low fertility bulls in SP from high fertility bulls increased zona 
pellucida penetration when compared to spermatozoa incubated in homologous SP. Bulls 
used in AI programmes can vary by up to 20% in their fertility, as assessed in the field, 
despite passing standard microscopy-based quality control checks (DeJarnette and Amann 
2010, Al Naib et al. 2011, Holden et al. 2017). This variation is due to the reduced ability 
of spermatozoa from low fertility bulls to establish pregnancy; however, the role of SP in 
this process is still unclear.  
Seminal plasma is the combination of fluids excreted from the rete testes, 
epididymis and accessory glands containing inorganic ions, sugars, salts, lipids, proteins, 
prostaglandins and various other factors (Maxwell et al. 2007). In vivo, under natural 
mating conditions, SP is immediately diluted in the vaginal secretions and does not pass 
the cervix of the cow (Bedford 2015); however, it does coat the spermatozoa in proteins 
upon ejaculation (Aumuller and Seitz 1990). Some of these proteins are involved in the 
establishment of a spermatozoa reservoir both in the cervix and isthmus (Hung and 
Suarez 2012), whereas, others function in the cholesterol efflux of the spermatozoa 
plasma membrane (Thérien et al. 1998). There are two observed cholesterol effluxes 
which occur in vivo, at ejaculation (Juyena and Stelletta 2012) and again at capacitation 
(Langlais and Roberts 1985). Upon ejaculation, approximately 5-8% of cholesterol is lost 
from the spermatozoa plasma membrane (Juyena and Stelletta 2012) which has been 
suggested to result in increased flagellular freedom and therefore facilitate the increase in 
motility from their quiescent epididymal state (Liu et al. 2012).  




In vivo, there is a sequential reduction in osmotic resistance as spermatozoa 
traverse each segment of the epididymis and again at ejaculation, as has been 
demonstrated in the boar (Druart et al. 2009). Therefore, as spermatozoa mature and are 
ejaculated they become more susceptible to osmotic stress, which has previously been 
shown to result in oxidative stress in macaque (McCarthy et al. 2010) and buffalo 
spermatozoa (Khan and Ijaz 2008). Therefore, the ability of spermatozoa to resist osmotic 
stress may be beneficial to their function. This has not, however, been investigated in the 
bull. 
Epididymal spermatozoa represent an excellent model in which to study the effect 
of SP-derived factors on fertility. It has previously demonstrated that cauda epididymal 
spermatozoa are capable of fertilizing oocytes in vitro at rates similar to that of ejaculated 
frozen-thawed spermatozoa (Fernandez-Fuertes et al., 2016). While a number of studies 
have assessed the effect of SP on the function of fresh and frozen-thawed bull 
spermatozoa, these studies did not distinguish between SP from bulls of varying fertility. 
Our group has recently demonstrated that the field fertility of bulls, following 
insemination with either non-sorted or sex-sorted semen, was correlated with the amino 
acid and fatty acid composition of SP (Holden et al. 2017). Thus, we hypothesised that 
the differences in fertility observed in the field may be due to differences exerted by SP 
on the spermatozoa and here we tested this hypothesis using a CES model.  
  




4.2 Materials and Methods 
4.2.1.1 Sample selection: Seminal plasma collection 
A panel of Holstein Friesian bulls (n= 17; Table 4.1) from which semen was 
commercially used in AI in Ireland and which were still alive to allow for the collection 
of SP were used. Data on their field fertility were obtained from the Irish Cattle Breeding 
Federation (ICBF; Bandon, Co Cork, Ireland) recording database based on an adjusted 
sire fertility index (Berry et al. 2011) and each bull had a minimum of 932 inseminations 
(Table 4.1). Adjusted bull fertility was defined as pregnancy to a given service identified 
retrospectively either from a calving event and/or where a repeat service (or a pregnancy 
scan) deemed the animal not to be pregnant to said service. Cows/heifers which were 
culled or died on farm were omitted. These raw data were then adjusted for factors, 
including semen type (frozen, fresh), cow parity, month of service, day of the week when 
serviced, service number, cow genotype, herd, AI technician, bull breed and weighted for 
number of service records resulting in an adjusted pregnancy rate centred about 0%. 
Ejaculates (n=3 per bull) were collected at the AI centre using an artificial vagina with a 
minimum interval of 3 days between collections. Only ejaculates with a total motility 
score of ≥ 3 out of 5 were used. Each ejaculate was centrifuged at 4,000 g for 10 min at 4 
o










Table 4.1: Panel of bulls chosen for experimental purposes with corresponding adjusted 










1 3 28521 +9% High 
2 2 6695 +8% High 
3 2 8142 +7% High 
4 4 10246 +7% High 
5 7 13105 +6% High 
6 5 1209 +6% High 
7 4 5612 +3% High 
8 5 59754 +3% High 
9 5 4056 +2% High 
10 11 1650 -2% Low 
11 2 3574 -3% Low 
12 3 3758 -3% Low 
13 2 19201 -3% Low 
14 2 1139 -4% Low 
15 5 1055 -4% Low 
16 5 932 -6% Low 





4.2.1.2 Sample Selection: Epididymal Spermatozoa Collection 




Testes were recovered from mature Holstein Friesian bulls (>18 months), of both known 
and unknown, post-slaughter at a commercial abattoir, transported to the laboratory at 4 
o
C within 1 h and CES was recovered from one epididymis per bull using the retrograde 
flushing technique, as described by Fernandez-Fuertes et al. (2016).  Only CES with 
greater than 60% total motility (assessed subjectively) was used and on each collection 
day, a pool of CES from 2-3 bulls was used. 
 
4.2.2 Experiment 1a: Effect of Seminal Plasma on the motility and kinematic parameters 
of fresh Caudal Epididymal Spermatozoa and Ejaculated Frozen-Thawed Spermatozoa 
The aim of this experiment was to assess the effect of SP on the motility and kinematic 
parameters of CES. Caudal epididymal spermatozoa and industry sourced ejaculated 
frozen-thawed spermatozoa (control; pool of 3 bulls). Frozen spermatozoa were thawed in 
warm water (37 
o
C) for 30 seconds prior to assessments. Treatments were incubated in 
the presence or absence of SP (fertility unknown; n=3 ejaculates) at 37 
o
C (1:4 volume 
ratio based on preliminary experiments) and assessed for motility and kinematic 
parameters at 0, 10, 20 and 30 min via Computer Assisted Spermatozoa Analysis 
software (CASA; Spermatozoa Class Analyzer, Microptic, Viladomat, Barcelona, Spain). 
The following parameters were evaluated: total, progressive and rapid motility, average 
path velocity (VAP; µm/s), straight line velocity (VSL; µm/s), curvilinear velocity (VCL; 
µm/s), straight line motility (STR; %) and linear motility (LIN; %), average lateral head 
displacement (ALH; µm) and beat cross frequency (BCF; Hz). Samples were analysed 
using an Olympus BX60 microscope (Mason Technology, Dublin, Ireland) with a 
minimum of 200 spermatozoa assessed in a at least 4 fields of view per sample.  
 




4.2.3 Experiment 1b: Effect of Seminal Plasma from High and Low Fertility Bulls on 
Motility and Viability of Fresh Caudal Epididymal Spermatozoa  
The aim of this experiment was to assess the effect of SP from high and low fertility bulls 
on motility and viability of fresh CES (n=4 bulls per fertility category with SP from 3 
ejaculates per bull). Caudal epididymal spermatozoa were incubated for 20 min at 32 
o
C 
in (i) SP from high fertility bulls (CES+High Fertility SP) or (ii) SP from low fertility 
bulls (CES+Low Fertility SP) or a control (iii) CES not incubated in any media. 
Spermatozoa were then further diluted 1:1 in 5% egg yolk diluent to give a final 
concentration of 12 x 10
6
 spermatozoa per mL. Diluted spermatozoa were packaged into 
0.25 mL straws (IMV Technologies, L’Aigle, France), and allowed to equilibrate to room 
temperature (18 
o
C). Motility and viability were assessed on Days 1, 2 and 3 post-
collection (motility was assessed subjectively).  
 
4.2.4 Experiment 1c: Effect of Seminal Plasma from High and Low Fertility Bulls on 
Motility and Viability of Frozen-Thawed Caudal Epididymal Spermatozoa  
The aim of this experiment was to assess the effect of pre-incubation of CES with SP 
from high or low fertility bulls (n=3 bulls per fertility category with SP from 3 ejaculates 
per bull) on the post-thaw quality of CES. Caudal epididymal spermatozoa were 
incubated for 20 min at 32 
o
C in SP from (i) high fertility bulls (CES+High Fertility SP) 
or (ii) low fertility bulls (CES+Low Fertility SP) or (iii) CES without media. All three 
groups were then further diluted 1:1 with Bioxcell cryo-extender (IMV Technologies, 
L’Aigle, France). Diluted semen was packaged into 0.25 mL straws (IMV Technologies, 
L’Aigle, France) at 80 x 10
6
 spermatozoa per mL, as per commercially practiced, and 
cooled gradually to 4 
o
C. Straws were then loaded into a programmable freezer (Planer 
Kryo 10 Series iii, Planer PLC, Middlesex, UK) and reduced to -140 
o
C on a three-ramp 




freezing curve. The temperature was reduced to -10 
o
C at a rate of 5 
o
C per min, then to -
100 
o
C at 40 
o
C per min and finally to -140 
o
C at 20 
o
C per min, followed by immersion 
and storage in liquid nitrogen until use. The frozen semen samples were thawed at 37 
o
C 
for 30 sec and subsequently assessed for post-thaw motility and kinematic parameters 
using CASA (as per Experiment 1a) and post-thaw viability and mitochondrial membrane 
potential using flow cytometry. All post-thaw in vitro assessments were carried out on a 
minimum of 3 straws per batch. 
 
4.2.5 Experiment 2: Effect of Seminal Plasma from High and Low Fertility Bulls on 
Osmotic Stress Resistance of Caudal Epididymal Spermatozoa  
The aim of this experiment was to assess the effect of SP from high and low fertility bulls 
on the osmotic resistance of CES (n=3-4 bulls per fertility category with SP from 3 
ejaculates per bull assessed). Firstly, testes (n=5 bulls) were recovered from mature 
Holstein Frisian bulls (>18 months) post-slaughter at a commercial abattoir and CES 
were recovered using the retrograde flow technique Fernandez-Fuertes et al. (2016). 
Assessment of osmotic resistance was carried out as adapted from Murphy et al. (2015), 
whereby, CES were incubated in SP of bulls of high or low fertility (1:4 volume ratio) for 
20 min at 32 
o
C. Caudal epididymal spermatozoa were incubated for 20 min at 32 
o
C with 
(i) SP from high fertility bulls (CES+High Fertility SP) or (ii) SP from low fertility bulls 
(CES+Low Fertility SP) or (iii) CES without media. Spermatozoa were subsequently 
incubated in Biggers, Whitten, and Whittingham media (BWW; (Koppers et al. 2008) 
solutions in a range of osmolarities (0, 50, 70, 90, 120, 150, 200, 300 mOsm) at  a 
concentration of 1 x 10
6
 spermatozoa per mL for 15 min at 32 
o
C. Viability was then 
analysed using a flow cytometer, as described below. The osmolarity of caudal 




epididymal fluid (without contamination with flushing media; n=5 bulls) was also 
assessed to inform the range of osmolarities to be tested. 
 
4.2.6 Experiment 3: Effect of Seminal Plasma from High and Low Fertility Bulls on the 
Fertilising Ability of Caudal Epididymal Spermatozoa  
The aim of this experiment was to assess the effect of SP from bulls of high and low 
fertility on the ability of CES to fertilise oocytes in vitro (n=3 bulls per fertility category 
with SP from 3 ejaculates per bull assessed). All treatments (i) SP from high fertility bulls 
(CES+High Fertility SP) (ii) SP from high fertility bulls (CES+Low Fertility SP) for 20 
min at 32 
o
C or (iii) CES without media were washed through a Percoll density gradient 
(45% over 90%) following which the spermatozoa pellet was resuspended in Hepes-
buffered Tyrode's medium and used in in vitro fertilisation (IVF). Cleavage and 
blastocyst rates were assessed as described below.  
 
4.2.7 Spermatozoa Functional Assessments: Flow Cytometry assessments 
Samples were diluted to a concentration of 3 x 10
5
 spermatozoa per mL in phosphate-
buffered saline (PBS) and were analysed on a flow cytometer (Guava easyCyte 6HT-2L, 
Merck Millipore, Billerica, MA,  USA) equipped with both a Krypton (642 nm) and an 
Argon Laser (488 nm). Appropriate single colour controls were prepared to establish the 
respective fluorescent peaks of the individual stains. These were used in conjunction with 
the forward scatter (FSC) and side scatter (SSC) signals to discriminate spermatozoa from 
debris. Fluorescent events were recorded using GuavaSoft (Version 2.7; Merck Millipore) 
and all variables were assessed using logarithmic amplification. In each sample 10,000 
gated events were captured. 




Viability was assessed as adapted from Holden et al. (2016a)  using two 
fluorescent stains: SYTO 16 (S16; Ex/Em: 488/518 nm; Life Technologies, Carlsbad, 
USA) and PI (Ex/Em 535/617 nm; Life Technologies). Samples were incubated in S16 at 
a final concentration of 100 nM at 32C in the dark for 15 min. Subsequently, PI was 
added at a final concentration of 15 M and incubated for a further 5 min. S16 was read 
with the photodetector (525/30 nm BP filter) and PI was read with the photodetector 
(583/23 nm BP filter), no compensation was needed. The percentage of viable cells was 
expressed as the percentage of cells positive for S16, but negative for PI.  
Mitochondrial membrane potential (MMP) was assessed as adapted from Holden 
et al. (2016b) using the fluorescent stain JC-1 (Ex/Em 514/529; Life Technologies, 
Carlsbad, CA, USA). This single stain, excited by the Argon Laser (488 nm), fluoresces 
both red and green to indicate high and low mitochondrial membrane potential, 
respectively. JC-1 was added to 500 µL of spermatozoa diluted to 300 x 10
5
 spermatozoa/ 
mL in BWW  to give a final concentration of 1.5 µM and incubated in the dark at 37 
o
C 
for 5 min. In the presence of high MMP the probe fluoresces red due to accumulation of 
the stain within the mitochondrial membrane. The presence of a high MMP was measured 
by the percentage of red fluorescent spermatozoa in the gated population. 
 
  




4.2.8 Assessment of Fertilising Ability 
In vitro maturation  was carried out as described by (Ward et al. 2001). Briefly, COCs 
were aspirated from 2 to 8 mm follicles from the ovaries of slaughtered cows and heifers. 
Good quality COCs were matured in groups of 50 in 500 µL of TCM-199 supplemented 
with 10 ng/mL epidermal growth factor and 10% (vol/vol) FCS for 24 h at 39 
o
C under 
5% CO2 in air with maximum humidity. 
Spermatozoa concentration was assessed using a haemocytometer and diluted to 2 
x 10
6
 sperm/ mL in fertilization medium. Following maturation, COCs were washed 
twice in fertilization media and transferred in groups of 50 into four-well dishes 
containing 250 µL of fertilization media. To each well, 250 µL of fertilization medium 
(containing 2 x 10
6
 spermatozoa per mL) was added to give a final concentration of 1 x 
10
6
 spermatozoa per mL. At 24 h post insemination presumptive zygotes were denuded of 
cumulus cells by vortexing for 2 min in 2 mL of PBS. In vitro culture was carried out in 
25 µL culture droplets of synthetic oviductal fluid (SOF) supplemented with 5% FCS 
under mineral oil. Oocyte cleavage was assessed on Day 2 (48 h post insemination) and 
blastocyst development was assessed on Days on 6, 7, 8 and 9. 
 
4.2.9 Statistical Analysis 
Data were examined for normality of distribution, tested for homogeneity of variance and 
analysed using the general linear model (GLM) repeated measures procedure or using 
Statistical Package for the Social Sciences (SPSS; version 22.0; IBM, USA). A P value of 
< 0.05 was deemed to be statistically significant and all results are presented as mean ± 
S.E.M. 
 





4.3.1 Experiment 1a: Effect of Seminal Plasma on the motility and kinematic parameters 
of fresh Caudal Epididymal Spermatozoa and Ejaculated Frozen-Thawed Spermatozoa 
There was a time by treatment interaction as the addition of SP to CES increased the PLM 
compared to the untreated CES (P<0.05). This increase was evident after 10 min and 
maintained thereafter (Figure 1). Conversely, the addition of SP to ejaculated 
spermatozoa post-thawing had a detrimental effect on PLM (P<0.05; Figure 1). There 
was also a time by treatment interaction for total and rapid motility, VCL, VSL and ALH 
(P<0.05). Both total and rapid motility increased for CES and decreased for ejaculated 
frozen-thawed spermatozoa with addition of SP. However, VCL and VSL increased for 
both CES and CES+SP treatments over time (P<0.05) but decreased for the ejaculated 
frozen-thawed +SP treatment. Furthermore, ALH was consistently higher in the frozen-
thawed treatment, when compared to all other treatments (P<0.05). 
  



































Figure 4.1: Effect of seminal plasma (SP) of unknown fertility on caudal epididymal 
spermatozoa (CES) and ejaculated frozen-thawed spermatozoa progressive motility over 
a 30 min time period. Vertical bars represent S.E.M. 
abcd






Treatment by Time: 
P<0.05 




4.1.2 Experiment 1b: Effect of Seminal Plasma from High and Low Fertility Bulls on 
Motility and Viability of Fresh Caudal Epididymal Spermatozoa 
There was no treatment or treatment by time interaction for either the motility or viability 
of CES, irrespective of whether they were incubated in SP from high or low fertility bulls 
prior to being stored at room temperature (18 
o
C) in an egg yolk-based diluent for 5 days. 
As expected, there was a linear decline in total motility of all treatments with increasing 


























Figure 4.2: Effect of seminal plasma (SP) from high and low fertility bulls on the total 
motility of fresh caudal epididymal spermatozoa (CES) stored at room temperature (18 
o











4.1.3 Experiment 1c: Effect of Seminal Plasma from High and Low Fertility Bulls on 
Motility and Viability of Frozen-Thawed Caudal Epididymal Spermatozoa 
There was no effect of pre-incubation of CES in SP from either high or low fertility bulls 
on post-thaw spermatozoa motility or kinematic parameters nor on viability or MMP 
(P>0.05). The average post-thaw motility, viability and MMP for all treatments combined 
was 34.3 ± 2.19%, 25.9 ± 2.63% and 38.7 ± 0.74%, respectively. 
 
4.2 Experiment 2: Effect of Seminal Plasma from High and Low Fertility Bulls on 
Osmotic Stress Resistance of Caudal Epididymal Spermatozoa 
The mean (± SEM) osmolarity of caudal epididymal fluid collected was 340.4 ± 3.28 
mOsm. There was a treatment by osmolality interaction when CES were pre-incubated in 
SP and then assessed for osmotic resistance (P<0.05; Figure 4.3). Regardless of source, 
pre-incubation of CES in SP reduced spermatozoa resistance to osmotic stress as 
evidenced by a reduction in the percentage of viable spermatozoa over time.  At 
osmolarities of 120 mOsm and lower there was a significant reduction in spermatozoa 
viability in the control CES+SP treatment compared to the CES treatments. While there 
was a continuous decline in osmotic resistance of CES in the presence of SP, the 










Figure 4.3: Viability of caudal epididymal spermatozoa (CES) incubated in the presence 
or absence of seminal plasma (SP) from high or low fertility bulls at a range of 
osmolarities. Vertical bars represent S.E.M., 
*








4.3 Experiment 3: Effect of Seminal Plasma from High and Low Fertility Bulls on the 
Fertilising Ability of Caudal Epididymal Spermatozoa 
Treatment of CES with SP from high or low fertility bulls had no effect on cleavage or 
blastocyst rates following IVF compared to the control (P>0.05; Figure 3). Cleavage and 
blastocyst rates following IVF with CES for all treatment groups ranged from 71-75 % 
and 28-32 %, respectively. 












Figure 4.4: Cleavage and Day 8 blastocyst rates following IVF with caudal epididymal 
spermatozoa (CES) incubated or not with seminal plasma (SP) from high and low fertility 




Day 8 Blastocyst Rate 





The main findings from this study are that: (i) SP has an immediate positive effect on the 
motility of CES; (ii) however, when CES are stored in SP for a number of days there is no 
beneficial effect; (iii), addition of SP to post-thaw ejaculated spermatozoa had a 
detrimental effect on motility. This suggests that the immediate beneficial effect of SP on 
CES motility diminishes with time and perhaps with prolonged exposure or dilution in 
diluents (fresh and frozen). This study also illustrates that SP, regardless of being sourced 
from bulls of high or low fertility, had no effect on CES post-thaw motility, viability, 
MMP or on fertilising ability of fresh CES. Furthermore, this study demonstrated that the 
addition of SP to CES reduces the ability of CES to resist osmotic stress.  
Exposure of the uterine lumen and tissue to seminal plasma induces a cascade of cellular 
and molecular events characteristic of an inflammatory response (Alghamdi et al. 2009). 
Previous studies have shown that ram SP has a beneficial effect of spermatozoa (O’Meara 
et al. 2007), but in the bull SP has a negative effect on both motility and spermatozoa 
membrane integrity (fresh, fresh, frozen thawed; Shannon 1965, Baas et al. 1983, 
Martinus et al. 1991). Our study, however, reported no effect of SP on fresh CES over a 
5-day period. Similar to our study, both Martins et al. (2009) and Way et al. (2000) 
reported a time-related loss in motility of fresh CES regardless of whether it was 
incubated in SP or not. In contrast, Way et al. (2000) reported a negative effect of SP on 
the viability of epididymal spermatozoa stored over a number of days. Graham (1994) 
demonstrated that SP had no effect on post-thaw motility of CES, although none of these 
studies differentiated between SP from high or low fertility bulls. Chaveiro et al. (2015) 
reported a significant drop in post-thaw motility of CES compared to pre-freezing 
motility, possibly due to the inability of cryoprotectants, such as glycerol, to permeate the 
membrane of CES. Such findings have been reported for numerous species (boar: 




(Kikuchi et al. 1998); stallion: (Papa et al. 2008); dog: (Hewitt et al. 2001). This suggests 
that CES are much less tolerant to cryopreservation compared to ejaculated spermatozoa 
and therefore factors other than SP have a beneficial effect on spermatozoa freezeability. 
Although there was no effect of treatment with regards to the effect of SP on MMP of 
frozen-thawed CES, it should be noted that the mean percentage of CES with high MMP 
(39%) is considerably lower than that of frozen-thawed ejaculated spermatozoa (59%;  
(Garner et al. 1997). Mitochondrial membrane potential is indicative of mitochondrial 
function and therefore a lower MMP is reflected in the low post-thaw motility of CES. 
Loss of osmotic resistance due to incubation in SP suggests that SP alters the 
plasma membrane of CES. Not only do SP proteins adhere to the spermatozoa at 
ejaculation but SP has also previously been reported to cause the efflux of cholesterol 
from the plasma membrane, initiating capacitation (as reviewed by Vadnais 2007). 
Previous work carried out by Moraes et al. (2010) demonstrated that the addition of 
cholesterol to fresh bull semen diluent increased osmotic resistance of spermatozoa, as 
assessed by motility. This is in line with our findings, although we assessed viability and 
not motility, suggesting that it is the removal of cholesterol from the plasma membrane 
that reduces osmotic resistance. Bicarbonate, present in bull SP (Wales et al. 1966), is a 
key effector of the cholesterol efflux (Leahy and Gadella 2015) and here we have 
demonstrated a 33% increase in the motility of CES within 10 min of exposure to SP. 
Continuous exposure of spermatozoa to raw, undiluted, SP is likely to cause further efflux 
of cholesterol and efflux of phospholipids from the plasma membrane and therefore 
render the spermatozoa very sensitive to external stressors and oxidative damage 
(Manjunath et al. 2006). Therefore, the detrimental effect of SP on post-thaw 
spermatozoa may be explained by the over exposure of spermatozoa to SP, as in vivo 
following ejaculation, SP is rapidly diluted. Alternatively, the negative effects of the 




addition of SP on post-thawed spermatozoa motility, as observed in this study, may be 
due to adverse effects of the freezing process. Freeze-thawing, in particular, affects the 
lipid structure of the spermatozoa and also the metabolic activity. Membrane 
destabilisation increases membrane permeability allowing not only enzymes and 
coenzymes to leak out but also allows for the influx of free calcium ions (Aurich et al. 
1997) and other extracellular components. The influx of calcium ions, from the SP, seep 
into the cell causing a capacitation ‘like’ reaction, known as cryo-capacitation (Breininger 
et al. 2010).  
This study found no effect of SP source on CES fertilising ability or the 
subsequent ability of the embryos to develop to the blastocyst stage.  In contrast, Henault 
et al. (1995) reported a significant oocyte penetration advantage when CES were 
incubated in SP and the advantage was greater when incubated in SP from bulls of high 
field fertility. Subsequently, Henault and Killian (1996) reported that incubation of 
ejaculated spermatozoa from bulls of low fertility in the SP of bulls of high fertility 
significantly improved oocyte penetration in vitro, while incubation of high fertility bull 
spermatozoa in SP from low fertility bulls had a negative effect on oocyte penetration. 
Conversely, Katska et al. (1996) reported a negative effect of SP on cleavage and 
blastocyst rate suggesting it as being potentially due to the inhibition of acrosomal 
enzymes. Differences in finding from these studies may result from the methods of 
fertility group allocation or the use of heterologous (Henault and Killian 1996) or 
homologous (Katska 1996 and Henault and Killian 1996) SP. However, in the current 
study cleavage and blastocyst development rates following IVF with CES, irrespective of 
exposure to SP, were comparable to those reported in the literature using ejaculated 
spermatozoa (Ward et al. 2001, Al Naib et al. 2011), indicating no direct effect of SP on 
oocyte penetration or cleavage.    




Using a CES model this study has demonstrated that while SP can alter CES 
function in terms of reducing osmotic resistance and increasing motility (short-term), it 
has no effect on the fertilising ability of CES or on the long-term fresh storage of CES. 
These effects, or lack thereof, were the same irrespective of whether the SP was from 
sourced high or low fertility bulls. Therefore, the differences observed in field fertility are 




















The Effect of Antioxidants on Fresh Bull 
Sperm Function 
  





Unlike frozen semen, fresh semen has a finite lifespan. The levels of oxidative stress 
increase with each consecutive day of fresh semen storage which has a negative effect on 
spermatozoa function (Murphy et al. 2013). This study sought to assess the effects of the 
addition of antioxidants to fresh semen diluent on bovine spermatozoa function. 
Experiment 1(a): The objective was to assess the effect of a range of antioxidants on the 
in vitro quality of fresh bull spermatozoa. Fresh spermatozoa were diluted in caprogen 
diluent containing a range of antioxidants at a range of concentrations: l-carnitine (0 to 20 
mM), crocin (0 to 2 mM), α-tocopherol (0 to 1 mM), quercetin (0 to 250 µM) and catalase 
(0 to 500 IU). Samples were then incubated under heat stress conditions (39 
o
C) and 
assessed for superoxide production and acrosome integrity using flow cytometry at 1, 2 
and 4 h. Experiment 1(b): The objective was to assess the effect of catalase on post-thaw 
quality of bull spermatozoa. Frozen-thawed spermatozoa were incubated in phosphate-
buffered saline (PBS) containing catalase at 0 to 500 IU. Samples were heat stressed (39 
o
C) and assessed at 1, 2 and 4 h for motility, viability and acrosome integrity. Experiment 
2(a): The objective was to assess the long-term effects of catalase on bull spermatozoa 
stored in Caprogen diluent. Fresh semen was diluted and incubated in the presence of 
catalase (0 to 250 IU) and was assessed for viability, superoxide anion production and 
oxidative stress on Days 0, 1, 3 and 5. Experiment 2(b): The objective was to assess the 
long-term effects of antioxidants on fresh stored bull spermatozoa. An egg-yolk based 
diluent was prepared containing the antioxidants l-carnitine (0 to 20 mM), crocin (0 to 2 
mM), α-tocopherol (0 to 1 mM) and quercetin (0 to 250 µM). Motility and kinematic 
parameters were assessed using computer-assisted spermatozoa analysis (CASA) while 
membrane fluidity and lipid peroxidation were assessed using flow cytometry on Days 0, 
1, 3 and 5 post collection. There was no treatment or time x treatment interaction on 




superoxide production or acrosome integrity (P>0.05; Experiment 1a) for any of the 
antioxidants with the exception of catalase. Following 4 h incubation, all catalase 
treatments (150, 250 and 500 IU; 81.6 ± 3.35, 90.5 ± 1.30 and 92.1 ± 1.04, respectively) 
had a greater percentage of acrosome-intact populations compared to the control (71.1 ± 
1.71; P<0.05). When frozen-thawed bull spermatozoa were incubated at 39 
o
C for 4 h 
(Experiment 1b), catalase had no effect on the percentage of acrosome-intact spermatozoa 
(P>0.05). When fresh semen was stored in the presence of antioxidants (Experiments 2a 
and 2b), motility, lipid peroxidation and membrane fluidity decreased with time but there 
was no effect of treatment on any of the other in vitro parameters assessed during the 
storage period (P>0.05). In conclusion, this study found modest benefits of the inclusion 
of antioxidants in an egg-yolk based diluent used for the fresh storage of bull sperm. 
  





Artificial insemination has revolutionised the dairy breeding industry  and in recent years 
the advent of genomic selection has replaced the need for progeny testing of AI bulls 
prior to extensive use in the field (Berry et al. 2014, Wiggans et al. 2016) While potential 
AI sires can now be selected within weeks of birth, based on a genomic proof, they 
cannot produce spermatozoa until they reach puberty, and even then, the demand for their 
semen often far exceeds their ability to supply it (Picard-Hagen et al. 2002). An ejaculate 
from a mature bull can yield up to 1000 frozen straws (15 x 10
6
 spermatozoa per straw), 
whereas, an ejaculate from a young 11-12 month old bull may yield 50-100 frozen straws, 
due to reduced ejaculate volume and total spermatozoa number (Stälhammar et al. 1989, 
Brito et al. 2002). In addition, semen is typically collected from young bulls only once 
per week, whereas, mature bulls can be collected more often (Mathevon et al. 1998). This 
situation is amplified in seasonal systems of production such as that in Ireland, whereby, 
bulls are used extensively for one relatively short breeding season and are then often 
surpassed by the next generation of genetically elite bulls the following year. It is 
therefore essential that the industry can maximise the number of inseminations and 
pregnancies from each bull in their first season.  
The use of fresh rather than frozen semen in AI increases the number of straws 
available from high demand bulls during peak season due to both the lower spermatozoa 
numbers required for a successful insemination and the lack of a 30-day quarantine period 
which applies to frozen semen in the EU (European Union 1988). However, the main 
disadvantage of fresh semen is that although it retains acceptable motility for in excess of 
10 days (Vishwanath and Shannon 2000), its fertility, as assessed by pregnancy rate after 
AI, declines significantly after approximately 3 days of storage (Vishwanath and Shannon 
2000). One of the reasons for this decline in oxidative stress which occurs when there is 




an imbalance between the production of ROS and the ability of a system to detoxify the 
reactive intermediates or repair the resulting damage (de Lamirande and Gagnon 1995). 
Although it has been postulated that mild oxidative stress may promote capacitation and 
benefit fertilisation (Aitken et al. 1989, de Lamirande et al. 1997), in excess it can be 
detrimental to spermatozoa function. Bull spermatozoa are particularly susceptible to 
oxidative damage due to the high content of polyunsaturated fatty acids in their 
membranes (Kodama et al. 1996). 
The targeted use of antioxidants may be useful in extending the fertile lifespan of 
fresh semen as the addition of antioxidants has been shown to reduce oxidative damage to 
the spermatozoa and its DNA (human; Ménézo et al. 2007); boar; Szczęśniak-Fabiańczyk 
et al. 2003). Antioxidants have many different modes of action, some prevent the 
accumulation of ROS (e.g. l-carnitine; Gülçin 2006, caffeine; Devasagayam et al. 1996) 
and aminoguanidine (Courderot‐Masuyer et al. 1999), and others scavenge or quench 
oxidative radicals (e.g. α-tocopherol; Buettner 1993, crocin Assimopoulou et al. 2005 and 
quercetin; Afanas' ev et al. 1989). For example, catalase is a naturally occurring enzyme 
(approximately 3 µg/mL in raw bull spermatozoa; Foote 1962) that catalyses the 
decomposition of H2O2. Catalase is commonly added to fresh bull semen diluents as it 
reduces lipid peroxidation (Shannon and Curson 1982, Baumber et al. 2000) and has been 
shown to maintain pregnancy rates in semen used for up to two days post collection 
(Shannon et al. 1984). L-carnitine regulates nitric oxide from cellular respiration and 
prevents accumulation of end products of lipid peroxidation (Brown 1999). Addition of l-
carnitine to frozen-thawed bull spermatozoa increased motility, DNA integrity and 
morphology (Bucak et al. 2010, Sarıözkan et al. 2014). Crocin, a carotenoid found in 
saffron, quenches free radicals, particularly superoxide anion (ref). Crocin has previously 
been found to protect frozen-thawed bull spermatozoa from oxidative stress (Sapanidou et 




al. 2013). Dominguez-Rebolledo et al. (2010) reported that while low concentrations of 
crocin (0.5 mM) added to frozen deer spermatozoa post thawing had positive effects on 
motility, higher concentrations (>2 mM) increased the occurrence of lipid peroxidation. 
Vitamin E, also known as α-Tocopherol, scavenges peroxyl radicals to form 
tocopheroxyl, a stable phenoxyl radical (Azzi et al. 2002). The addition of α-tocopherol 
to frozen-thawed bull and boar spermatozoa positively affected motility and viability 
(Jeong et al. 2009, Marques et al. 2010, Towhidi and Parks 2012). However, there was 
also a dose-dependant negative effect on fertilisation rate (Marques et al. 2010). 
Furthermore, quercetin, a flavonoid polyphenol, acts as a free radical scavenger with 
metal chelation properties, has been added to fresh human and rabbit spermatozoa and 
increased the population of viable spermatozoa with intact acrosomes (Moretti et al. 
2012, Johinke et al. 2014).  
While a plethora of studies across a wide range of species has investigated a range of 
antioxidants on the quality of fresh and frozen-thawed spermatozoa, it is unclear which, if 
any, could extend the fertile lifespan of fresh bull spermatozoa.  Based on a thorough 
review of the literature, five of the most suitable and promising antioxidants were selected 
for in vitro assessments. This study sought to assess the ability of quercetin, crocin, α-
tocopherol, l-carnitine and catalase to prolong the functional lifespan of bull spermatozoa 
stored in an egg yolk-based diluent by assessing both short-term (up to 4 h post 
processing) and long-term (5 days post processing) effects on spermatozoa quality in 
vitro. 
 
5.2 Materials and Methods 
5.2.1 Experiment 1(a): Short term effects of antioxidants on fresh bull spermatozoa  




The aim of this experiment was to assess the effect of a range of antioxidants on the in 
vitro quality of bull spermatozoa stored in an egg yolk extender (Caprogen; 5% egg yolk; 
Vishwanath and Shannon 2000). Ejaculates (n=3) collected at a commercial AI centre 
were diluted to 12 x 10
6
 spermatozoa per mL in pre-warmed (32 
o
C Caprogen). The 
diluted sample was then divided into 10 mL aliquots to which an antioxidant (quercetin, 
catalase, α-tocopherol, l-carnitine or crocin) at a range of concentrations was immediately 
added (Table 5.1). Due to logistical constraints a maximum of four concentrations of each 
antioxidant were used. All samples were then incubated at 39 
o
C to evoke a stress reaction 
(Monterroso et al. 1995) and spermatozoa were assessed for motility, viability, acrosome 
integrity and superoxide anion production at 1, 2 and 4 h post addition of antioxidants. 
Three replicates, each using an ejaculate form different bulls of unknown fertility, were 
completed.  
 
5.2.2 Experiment 1(b): Short-term effects of catalase on post-thaw bull spermatozoa 
Based on results from Experiment 1a, the aim of this experiment was to assess the effect 
of the addition of catalase to post-thaw spermatozoa on acrosome integrity. Frozen-
thawed spermatozoa (n=3; pool of 3 bulls with >60% motility) were diluted to a 
concentration of 12 x 10
6
 spermatozoa per mL in pre-warmed phosphate-buffered saline 
(PBS) and catalase was added to a final concentration of 0, 150, 250 or 500 IU following 
which the treatments were heat stressed at  39 
o
C. At 1, 2 and 4 h samples were assessed 
for acrosome integrity. Three replicates were completed. 
  




Table 5.1: Bull number and age at time of experimentation. 
Experiment Bull Number Bull Age 
1 (a) 1 3 
1 (a) 2 3 
1 (a) 3 6 
   
2 (a and b) 4 3 
2 (a and b) 5 4 
2 (a and b) 6 4 
2 (a and b) 7 2 
2 (a and b) 8 4 
2 (a and b) 9 3 
2 (a and b) 10 3 
 
5.2.3 Experiment 2(a): Long-term effects of catalase on bull spermatozoa stored for up to 
5 days 
The aim of this experiment was to assess the effect of catalase on fresh bull spermatozoa 
stored for up to 5 days. Fresh semen ejaculates (n=7) were diluted in an egg yolk diluent 
containing catalase as prepared as in Experiment 1b (Table 1) and packaged into straws. 
Samples were then packaged in 0.25 mL straws (IMV Technologies, L’Aigle, France), 
sealed with polyvinyl acetate (PVA) powder and stored at 16-18 
o
C. These were assessed 
for viability, superoxide anion production and oxidative stress using flow cytometry on 
Days 0 (4-5 h) 1, 3 and 5. Eight replicates were completed. 
 
5.2.4 Experiment 2(b): Long-term effects of antioxidants on bull spermatozoa stored for 
up to 5 days 
The aim of this experiment was to assess the effect of a range of antioxidants on fresh 
spermatozoa stored for up to 5 days. Ejaculates (n=7) were diluted to 12 x 10
6
 
spermatozoa per mL in pre-warmed Caprogen (32
 o
C), at the appropriate antioxidant 
concentration (Table 5.1). Samples were packaged in straws as per Experiment 2(a) and 




were assessed for motility and kinematic parameters using computer-assisted 
spermatozoa analysis (CASA; Sperm Class Analyzer (SCA), Microptic, Viladomat, 
Barcelona, Spain) as well as membrane fluidity and lipid peroxidation using flow 
cytometry (Guava easyCyte 6HT2L, Merck Millipore, Billerica, MA, USA) on Days 0 (4-
5 h), 1, 3 and 5 post packaging. Nine replicates were completed. 
 
Table 5.2: Concentrations of antioxidants used in Experiments 1 and 2 (a and b). 
Experiment 1 (a and b)  
      
Antioxidant Unit 
 Concentration 
Quercetin µM  0 50 175 250 
Catalase IU  0 150 250 500 
α-Tocopherol mM  0 0.075 0.4 1 
L-Carnitine mM  0 2.5 1 20 
Crocin mM  0 0.5 1.5 2 
  
 
      
Experiment 2 (a and b) 
 




Quercetin µM  0 20 50 100 175 250 
Catalase IU  0 150 250 
α-Tocopherol mM  0 0.025 0.075 0.15 0.4 0.8 1 
L-Carnitine mM  0 0.5 2.5 5 10 20 
Crocin mM  0 0.25 0.5 1 1.5 2 
 
 
5.5.5 Spermatozoa Functional Assessment: Motility 
Spermatozoa motility was assessed using a phase contrast microscope (Olympus BX60) 
combined with CASA. The following parameters were evaluated using CASA based on 
factory software settings for bull: total, progressive and rapid motility, average path 
velocity (VAP; µm/s), straight line velocity (VSL; µm/s), curvilinear velocity (VCL; 
µm/s), straight line motility (STR; %) and linear motility (LIN; %), average lateral head 
displacement (ALH; µm) and beat cross frequency (BCF; Hz). Samples were prepared by 




loading 7-10 µL of sample into pre-warmed loading cambers (Leja slides, Micro-Optic 
sc10-01-04-B, Viladomat, Barcelona, Spain). A minimum of 200 spermatozoa were 
assessed with at least 4 fields of view assessed per sample. 
Subjective motility (Experiment 1b only) was assessed as per the method 
described by Kiernan et al. (2013). Briefly, a 5 µL sample was placed on a pre-warmed 
glass slide overlain with a pre-warmed coverslip. Spermatozoa were assessed under a 
phase-contrast microscope (Olympus BX60; 400x) by one experienced evaluator. Two 
counts were taken; 50 motile spermatozoa were assessed in each count and the number of 
motile spermatozoa of the total population was recorded. 
 
5.5.6 Spermatozoa Functional Assessment: Flow Cytometric Assessments 
Samples were diluted to a concentration of 6 x 10
5
 spermatozoa per mL in PBS and were 
analysed on a flow cytometer equipped with both a Krypton Laser (640 nm) and an 
Argon Laser (488 nm). Appropriate single colour controls and fluorescence minus-one 
(FMO) controls were prepared to establish the respective fluorescent peaks of the 
individual stains for each assay. These were used in conjunction with the forward scatter 
(FSC) and side scatter (SSC) signals to discriminate spermatozoa from debris. 
Fluorescent events were recorded using GuavaSoft (Version 2.7; Merck Millipore) and all 
variables were assessed using logarithmic amplification. In each sample, a minimum of 
10,000 gated events were captured. 
Acrosomal integrity was assessed using the fluorescent stain Alexa Fluor PNA 
647 (AF; Ex/Em 650/658; Life Technologies, Carlsbad, CA, USA).  This binds to and 
fluoresces in the presence of the inner surface of the outer acrosomal membrane, which is 
exposed upon the loss of the acrosomal cap (as reviewed by(Petrunkina and Harrison 
2013). Alexa Fluor was added to spermatozoa at a final concentration of 6 µg/mL and 




incubated in the dark at 32 
o
C for 15 min. Syto16 (S16; Ex/Em 488/518 nm; Life 
Technologies) was added at a final concentration of 100 nM and incubated for 10 min at 
32 
o
C. Propidium iodide (PI; Ex/Em 535/617 nm; Life Technologies) was then added to 
the sample at a final concentration of 12 µM and incubated in the dark for 5 min at 32 
o
C. 
Syto16 is a nucleic acid stain that is membrane permeable; however, PI is a non-
permeable nucleic stain and will only fluoresce in spermatozoa with a compromised 
membrane.  Presence of an intact acrosome was defined as the percentage of viable 
spermatozoa negative for AF (S16 +ve/PI –ve/AF –ve). Viability was also assessed from 
this assay and characterised as the percentage of S16-positive spermatozoa of the total 
S16-positive and PI-negative populations (S16 +ve/ PI –ve). All percentages were 
calculated as part of the total gated population. 
Oxidative stress was assessed using the fluorescent stain MitoSOX Red (MSR; 
Ex/Em 510/580) and a method adapted from Kiernan et al. (2013). Briefly, diluted 
samples were incubated at 32 
o
C in the presence of MSR (4 nM) in the dark for 15 min. 
Following this, the nucleic dead stain Yo-Pro-1 (YP; Ex/Em 491/509; Life Technologies) 
was added to the sample, at a final concentration of 50 nM and incubated at 32 
o
C in the 
presence of MSR in the dark for 10 min. The extent of superoxide production was 
calculated as the population of spermatozoa positive for MSR and negative for YP (YP –
ve/MSR +ve) 
Membrane fluidity was assessed using the stains Merocynanine 540 (M540; 
Ex/Em 540/578; Life Technologies) and Yo-Pro-1. Spermatozoa were incubated in the 
presence of YP as previously described. Post-incubation, M540 was added at a final 
concentration of 5 µM and allowed to incubate in the dark at 32 
o
C for 15 min. The extent 
of membrane fluidity was calculated as the population of spermatozoa positive for M540 
and negative for YP (YP –ve/M540 +ve). 




Lipid peroxidation was assessed using the stains Bodipy C-11 (Ex/Em 490/590; 
Life Technologies) and PI. Spermatozoa were incubated in the dark in the presence of 
Bodipy C-11, 5 µM final concentration, at 32 
o
C for 15 min. PI was then added as 
previously described. Lipid peroxidation was calculated as the population of viable 
spermatozoa positive for Bodipy C-11 (PI -ve/Bodipy C-11 +ve). 
Samples were assessed for oxidative stress via a method as adapted from Murphy 
et al. (2013), whereby the fluorescent probe 5-(and-6)-chloromethyl-2,7-
dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA; Molecular Probes, 
Eugene, Oregon, USA) was added to samples at a final concentration of 125 µM and 
incubated in the dark at 32
o
C for 30 min following which PI was added as previously 
described. Oxidative stress was calculated as the population of viable spermatozoa 
positive for CM-H2DCFDA (PI -ve /CM-H2DCFDA +ve). 
 
5.5.7 Statistical Analysis 
Data were examined for normality of distribution, tested for homogeneity of variance and 
analysed using the general linear model (GLM) repeated measures procedure using 
Statistical Package for the Social Sciences (SPSS; version 22.0; IBM, USA). A P value of 









5.3.1 Experiment 1(a): Short term effects of antioxidants on fresh bull spermatozoa  
Spermatozoa treated with 20 mM l-carnitine exhibited a lower motility compared to all 
other treatments at each time point (P<0.05; Figure 5.1); however, there was no effect of 
treatment or treatment by time interaction for motility for the other antioxidants assessed 
(P>0.05). In all treatments except catalase, VCL fell with increasing duration of 
incubation (P<0.05), whereas LIN increased (P<0.05; α-tocopherol and crocin) or tended 
to increase (P<0.10; l-carnitine and quercetin).  Catalase exhibited a time by treatment 
interaction as all concentrations had greater acrosome-intact populations compared to the 
control at 4 h incubation (P<0.05; Figure 5.2). After 4 h incubation under stressful 
conditions, the mean percentage acrosome-intact populations for 0, 150, 250 and 500 IU 
of catalase were 71.1±1.70, 81.5±3.35, 90.5±1.30 and 92.1±1.04 %, respectively (Figure 
5.2). For α-tocopherol, l-carnitine and crocin, there was no effect of treatment or 
treatment by time interaction on superoxide production or acrosome integrity (P>0.05; 
Table 5.2). Similarly, all quercetin concentrations (50, 175, 250 mM) reduced superoxide 
production at 2 h (P<0.05; Figure 5.3) but concentrations increased thereafter. 
 
  




Table 5.3: Effect of the addition of antioxidants to fresh bull spermatozoa on the motility 















Total Motility <0.05 ns ns ns ns 
Progressive Motility 0.07 ns ns <0.01 <0.01 
VCL <0.01 <0.05 <0.05 <0.01 ns 
VSL 0.08 ns ns 0.07 ns 
LIN 0.06 0.08 <0.01 <0.05 ns 
      
Superoxide Production ns ns ns <0.05 ns 
Acrosome Integrity ns ns ns ns <0.05 
VCL, curvilinear velocity: VSL, straight line velocity; LIN, linear motility. ns = non-
significant. 
 

























Figure 5.1: The effect of l-carnitine on total motility of bull spermatozoa incubated for 4 
h under stressful conditions (39 
o




Treatment by Time: NS 






































Figure 5.2: The effect of the addition of catalase to fresh bull spermatozoa on the 
percentage of live spermatozoa with intact acrosomes incubated for 4 h under stressful 
conditions (39 
o




Treatment by Time: ns 










































Figure 5.3: Effect of the addition of quercetin to fresh bull spermatozoa on the 
percentage of live spermatozoa positive for super oxide production incubated for 4 h 
under stressful conditions (39 
o






Treatment by Time: NS 




5.3.2 Experiment 1(b): Short term effects of catalase on post-thawed bull spermatozoa 
In contrast to its effect on fresh spermatozoa, addition of catalase, irrespective of 
concentration, had no effect on the acrosome integrity of frozen-thawed spermatozoa. 




5.3.3 Experiment 2(a): Long term effects of catalase on bull spermatozoa stored for up to 
5 days 
There was no overall effect of catalase on motility, viability, oxidative stress or 
superoxide generation over a 5-day storage period (P>0.05). Both motility and viability of 
all treatments fell with increasing day of storage (P<0.05). Regardless of catalase 
treatment, superoxide generation peaked on Day 1 and declined thereafter (P<0.01). 
Oxidative stress increased in all treatments with increasing day of storage (P<0.01). 
 
5.3.4 Experiment 2(b): Long term effects of antioxidants on bull spermatozoa stored for 
up to 5 days 
There was no effect of treatment or treatment by day interaction on any of the parameters 
assessed. There was, however, an effect of day on motility parameters, membrane fluidity 
and lipid peroxidation with all antioxidants as assessed in vitro (Table 5.3). Motility 
decreased with increasing duration of storage (P<0.05). The percentage of spermatozoa 
with high membrane fluidity peaked on Day 1 for all antioxidants (P<0.05) except for l-
carnitine for which membrane fluidity decreased on Day 1 (P<0.05). For all antioxidants 
and concentrations assessed the percentage of spermatozoa positive for lipid peroxidation 
were greatest on Day 5 (P<0.05).      





Table 5.3: Effect of day with the addition of antioxidants to fresh bull spermatozoa on the 










Total Motility ns <0.001 <0.05 <0.05 
Progressive Motility <0.05 <0.001 <0.001 <0.001 
VCL <0.001 <0.001 <0.001 <0.001 
VSL <0.001 <0.001 <0.001 <0.001 
LIN ns <0.001 ns <0.05 
     
Membrane Fluidity <0.05 <0.05 <0.05 <0.001 
Lipid Peroxidation <0.05 <0.05 <0.05 <0.05 









The main findings of this study were that that the addition of catalase to fresh semen 
diluent maintained the acrosome integrity of bull spermatozoa in a dose-dependant 
manner under conditions of stress (39 
o
C). The addition of a wide range of antioxidants 
assessed in this study had limited beneficial effects on the long-term (5 day) storage of 
fresh bull spermatozoa as assessed in vitro. 
There was no effect of α-tocopherol, quercetin or crocin on measures of 
spermatozoa function during the short- or long-term storage of bull spermatozoa. 
However, lipid peroxidation increased with increasing duration of storage, peaking on 
Day 5. This is in line with previous studies that illustrate the loss in spermatozoa 
functionality with increasing duration of fresh storage. Kiernan et al. (2013) previously 





generation early in the storage period. Furthermore, Vishwanath and 
Shannon (1997) described a gradual decline in motility of fresh bull spermatozoa in an 
egg yolk diluent (Caprogen) over a 28-day period. However, 24-day non-return rates 
(NRR) declined rapidly after Day 4, demonstrating that although spermatozoa may be 
motile their fertility is compromised with age. Consistent with these data, bovine 
spermatozoa retain the ability to fertilize oocytes in vitro for up to 7 d following storage 
at ambient temperature. However, the ability of spermatozoa to migrate through artificial 
mucus in vitro is severely depressed after 2 d storage which may have significant 
implications for the ability of these spermatozoa to reach the site of fertilization in vivo 
after AI (Al Naib et al., 2011). While in vivo fertility was not assessed in the current 
study, the antioxidants used failed to prevent the deterioration in motility, lipid 
peroxidation and membrane fluidity over time.  




Carnitine has been reported in bull spermatozoa at concentrations of 1880 µM 
(Golan et al. 1982). L-carnitine, the biologically-free form of carnitine, is a trimethylated 
conditionally essential amino acid (Ng et al. 2004) that regulates nitric oxide production 
from cellular respiration and prevents accumulation of end products of lipid peroxidation. 
Despite this, we failed to detect any long term effects of the addition of l-carnitine on any 
of the in vitro parameters assessed and, in fact, a higher concentration (20 mM) had 
negative effects on the motility of fresh bull spermatozoa when assessed following heat 
stress. High concentrations of l-carnitine (20 mM) have previously been reported to have 
strong membrane stabilising effects for up to 3 h when added to fresh bull spermatozoa 
(Deana et al. 1989). The same study reported higher spermatozoa viability at 20 mM l-
carnitine compared to lower (2 mM) concentrations in a HEPES-buffered medium (Deana 
et al. 1989). We did not observe any such effects on either acrosome integrity or 
membrane fluidity compared to the control. Similar to our findings, Banihani (2012) 
found that a high concentration (~300 mM) of l-carnitine had negative effects on motility 
of fresh human spermatozoa. In contrast, Bucak et al. (2010) reported that the addition of 
d-carnitine, an l-carnitine stereoisomer, to the freezing diluent of bull spermatozoa 
resulted in greater motility, DNA integrity and fewer abnormalities in spermatozoa post-
thawing; however, there were no subsequent benefits on 59-day NRR. Sarıözkan et al. 
(2014) reported positive effects on post-thaw membrane and DNA integrity, fewer 
abnormalities and better protection against premature acrosome reaction with the addition 
of l-carnitine (2 mM) to the freezing extender of bull spermatozoa.  
Previous studies, demonstrated that catalase improved post-thaw motility 
(Fernández‐Santos et al. 2009, Paudel et al. 2010, Eidan 2016) and viability (Paudel et al. 
2010) of bull spermatozoa. Kuribayashi and Gagnon (1996) assessed the effect of the 
short-term incubation (60 min) of catalase with bull spermatozoa in a minimum essential 




medium containing bovine serum albumin and reported no effect on the motility or in 
vitro fertilising ability but, similar to the present study, reported more spermatozoa with 
intact acrosomes. Furthermore, work by Shannon et al. (1984) demonstrated that the 
addition of catalase to Caprogen containing either 5% or 20% egg yolk had beneficial 
effects on 49-day NRR (2-3% increase in NNR for straws containing catalase). We did 
not observe any beneficial effects of catalase on the maintenance of motility or reduction 
of superoxide anion production and general oxidative stress. The beneficial effects of 
catalase lie in its hydrolysing catalysis of H2O2 into non-reactive H2O and O2. Therefore, 
the production of endogenous peroxide during fresh storage is either reduced or abolished 
(Vishwanath and Shannon 2000).  
This study found no effect of quercetin, crocin, α-tocopherol and l-carnitine on 
functional parameters assessed after Day 1 (Experiment 2a and 2b). Therefore, it appears 
that the addition of antioxidants to fresh semen diluents act mainly in the short-term, as 
observed in Experiment 1a. It is possible that stores of the antioxidants are depleted 
within the first few hours of storage, suggesting only a short-term effect and that the 
continuous addition of antioxidants throughout the storage period may be more beneficial.  
In conclusion, results of this study suggest modest benefits of the inclusion of 
antioxidants to an egg yolk-based diluent on the in vitro quality of bull spermatozoa. The 
antioxidants assessed had no long-term effects on spermatozoa function; however, 
catalase exhibited a beneficial effect on the acrosome integrity of spermatozoa in the first 
4 h post addition under stressful conditions. 
  




















The Irish dairy industry relies heavily on the use semen from elite sires of high genetic 
merit. Genetic merit of bulls has traditionally been ascertained through progeny testing, 
however, in recent years genomic selection has been used as it is an accurate and 
economic method. Due to the use of genomic selection, elite sires can be identified within 
weeks of birth and therefore, their semen can be used for inseminations early on in the 
post pubertal period (~11 months). However, due to their age, ejaculates can only be 
collected from these young dairy bulls on a weekly basis. The ejaculates produced by 
these bulls are of low volume and spermatozoa concentrations typically yielding a 
relatively low number of frozen-thawed semen straws (Brito et al. 2002). When compared 
to their more mature counterparts, whose ejaculates can be collected up to three times 
weekly and may produce up to 500 frozen-thawed semen straws per ejaculate. Therefore, 
it is imperative that ejaculates from young dairy bulls are processed in such a way as to 
maximise the number of straws per ejaculate, preferably with spermatozoa of one sex, 
and that this semen is of the highest quality so pregnancy rates are not compromised. This 
thesis sought to optimise the use of fresh semen collected from the general population of 
AI bulls. through the implementation and assessment of a variety of concepts that could 
potentially be adopted by the AI industry for prospective use with young genomically-
selected bulls. Namely, it sought to (i) investigate the physiological effects that the sex-
sorting process has on spermatozoa function (ii) distinguish between bulls of high and 
low fertility using in vitro assessments (iii) assess the effect of SP from high and low 
fertility bulls on spermatozoa function and (iv) quantify the effect of the addition of 
exogenous antioxidants to fresh semen diluent in order to prolong the functional, and 
therefore the fertile, lifespan of fresh stored semen for use during the breeding season. 




From the assessments of SS spermatozoa, both fresh and frozen-thawed, it was 
demonstrated that the functional physiology of spermatozoa differed between SS and NS 
spermatozoa.  One of the main findings was that the sex-sorting process reduced the 
incidence of oxidative stress in both fresh and frozen-thawed samples. This suggests that 
the sex-sorting process removes damaged or non-viable spermatozoa during the sorting 
process as they are a major source of ROS, via the action of aromatic amino acid oxidase 
(Shannon and Curson 1972, Upreti et al. 1998). The reduced number of dead spermatozoa 
present in SS spermatozoa due to their exclusion during processing, indicates that there 
are, however, lower levels of ROS present and therefore less oxidative stress. From the 
review of the literature there is no direct evidence that sex-sorting causes oxidative stress, 
however, antioxidant supplementation to SS spermatozoa has previously resulted in 
improved in vitro spermatozoa function. In the same study, un-supplemented SS 
spermatozoa had reduced function compared to NS spermatozoa (Klinc and Rath 2007). 
This would indicate that although there is a reduced occurrence of oxidative stress with 
SS spermatozoa, they are more susceptible to its negative effects. 
During the sex-sorting process, spermatozoa are exposed to many other stressors 
such as laser excitation and centrifugation. This study reported that SS spermatozoa were 
more susceptible to a loss of function as both SS and NS spermatozoa exhibited similar 
post-thaw motility, and both exhibited a significant drop in motility post incubation at 37 
o
C. Sex-sorted spermatozoa experienced a significantly greater loss when compared to the 
NS spermatozoa. This is in line with studies carried out by Klinc and Rath (2007) in 
which SS frozen-thawed treatments exhibited a significantly greater loss in motility 
(~30%) than the NS frozen-thawed treatments (20%), over a 6 h incubation period of 37 
o
C.  This thesis has demonstrated that while the sex-sorting technique reduces oxidative 
stress, it does cause other stresses resulting in reduced osmotic resistance and ability to 




maintain motility. The combination of these findings would infer that the SS spermatozoa 
have impaired function due to the sex-sorting process.  
This study also reports that not only does sex-sorting impair spermatozoa function’ it also 
impairs function at a bull specific rate. It is well documented that there are bull specific 
effects on fertility traits and bulls differ in the freeze-ability of their ejaculates as assessed 
by post-thaw motility (Alyethodi et al. 2016). Zhang et al. (2003) also reported an effect 
of bull on cleavage rates after IVF using SS spermatozoa. Similarily, there is an effect of 
bull on the fertility potential of SS spermatozoa (Andersson et al. 2006, DeJarnette et al. 
2008) However, Bermejo-Alvarez et al. (2010) demonstrated that the use of sorted rather 
than unsorted spermatozoa in IVF significantly delays the onset of first cleavage with 
differences noted between bulls. This results in this thesis demonstrate an effect of bull 
with regards agglutination and acrosome integrity. Some bulls showed significantly 
greater occurrences of agglutination or fewer spermatozoa with intact acrosomes. 
Agglutination is a phenomenon known to occur post to sex-sorting in a diluent-dependant 
manner (Hollinshead et al. 2004). This highlighted a need for specialised and improved 
media for SS spermatozoa, to alleviate the occurrence of agglutination in particular.  
Therefore, it should be taken into account that bulls will react differently to different 
processing techniques i.e. fresh, frozen-thawed or SS processing, and so should be 
assessed for specific markers prior to processing.  
The effect of bull observed in SS treatments was the initial motivation 
underpinning the decision to characterise the spermatozoa and seminal plasma of bulls of 
varying fertility. None of the in vitro spermatozoa functional assessments carried out 
correlated to pregnancy rates of bulls processed as NS, while, both viability and motility 
were positively correlated to pregnancy rates of SS bulls. It was deduced that this was due 
to the combination of lower number of spermatozoa per straw (2.1 x 10
6
) and both 




motility and viability being compensable traits (Sullivan and Elliott 1968, Saacke et al. 
2000, Peddinti et al. 2008). It appears that the number of SS spermatozoa was not enough 
to compensate for the reduced motility or viability exhibited. This is line with the findings 
of (Frijters et al. 2009), in which two thirds of the loss in NNR rates of SS spermatozoa 
was explained by the low spermatozoa number per straw, and only one third by the sex-
sorting technique.  
From further extrapolation of the data, from the NS cohort only, isoleucine, serine 
and lysine were identified as being present at significantly higher concentrations in SP 
samples of high fertility bulls. Upon characterising the SP composition of bulls of varying 
fertility it was found that the amino acid, glutamic acid was the most abundant amino acid 
found across all SP samples. The consistent high levels of glutamic acid across all bulls 
alludes to the antioxidant abilities of SP, as glutamic acid has been shown to be a major 
constituent of glutathione, which prevents cellular damage caused by ROS and lipid 
peroxidation (Arai et al. 1999). Sławeta and Laskowska (1987) previously reported an 
increased post thaw motility and fertility of bull spermatozoa supplemented with 
glutathione, however, a more recent study by Foote et al. (2002) found no effect of 
glutathione on field fertility. Studies in infertile men have previously shown 
improvements in fertility with the clinical administration (via injection) of glutathione as 
opposed to supplementation (as reviewed by Irvine 1996). Furthermore, there was a 
positive correlation between the concentration of glutamic acid in SP and pregnancy rates 
for the SS cohort of bulls. This indicated that a greater antioxidant capacity of SP helps to 
alleviate the additional external stresses that SS spermatozoa undergo. However, this was 
not the case with the NS cohort, in which isoleucine was positively correlated with 
pregnancy rates.  




This is the first study to associate isoleucince concentrations of SP to fertility in 
the bull and the direct effect of isoleucine on bovine spermatozoa function or fertility is 
yet to be investigated. Isoleucine can be catabolised into Acetyl CoA (Andresen et al. 
2000) which is then fed into the citric acid cycle (tricarboxylic acid cycle) to produce 
energy (Jeulin and Lewin 1996). Therefore, this positive correlation refers to the ability of 
spermatozoa bathed in SP of high fertility bulls to potentially produce more energy due to 
increased access to isoleucine. Isoleucine and leucine also alter the active transport of the 
plasma membrane and thus delay spermatozoa calcium uptake (Rufo et al. 1982).  
The correlations of specific metabolites with field fertility differed regarding 
processing technique, SS and NS. The findings of this study indicate that future selection 
of bulls for AI centres for use in SS should be selected not only on their desired daughter 
traits but also on their SP composition and spermatozoa functionality as it had an effect 
on their reproductive efficiency post sex-sorting. These studies are, however, preliminary 
and further experimentation using semen from young genomically-selected bulls is 
required to impact industry operating procedures. Similarly for NS processing, AI centres 
should take into account not only the routine spermatozoa functional assessments but also 
the SP metabolomic composition. Although no differential effects of the source of SP 
were observed in this study, future analysis of SP composition should be investigated as 
there was an effect of SP on spermatozoa function. Taking the SP composition into 
account could potentially increase overall quality of semen output as, continuous 
assessments of a bulls SP could identify deteriorating fertility of a bull. Although SP 
plays a preparatory role, regarding spermatozoa (cholesterol efflux (Thérien et al. 1998), 
increasing intracellular pH/calcium (mouse; Lombard 2002), and modulate capacitation 
(Therien et al. 1997) in vivo, these are cellular processes that semen processing for AI 
want to avoid in an attempt prolong fertility efficacy. 




This study found that SP positively affected the motility of CES spermatozoa almost 
immediately. At similar incubation times, it was observed that CES incubated in SP 
exhibited reduced osmotic resistance and from this it was hypothesised that SP induced 
an increase in membrane permeability. Seminal plasma causes the efflux of cholesterol 
from the plasma membrane at ejaculation (as reviewed by Juyena and Stelletta 2012) and 
this loss of cholesterol destabilises the membrane and thus increases membrane 
permeability allowing for the influx of calcium ions from the external environment 
(Aurich et al. 1997).  
An increase in intracellular pH and calcium ion concentration has been shown to 
increase the motility of the spermatozoa (Ho et al. 2002), thus accounting for the 
observed increase in motility of CES with the introduction of SP. The increase in 
permeability occurs both at ejaculation and again in the female reproductive tract at 
capacitation (Langlais and Roberts 1985, Juyena and Stelletta 2012). The addition of 
cholesterol to fresh spermatozoa positively affects the ability of spermatozoa to resist 
osmotic stress (Moraes et al. 2010). Therefore, it appears that an efflux of cholesterol due 
to the effect of SP reduces the resistance of spermatozoa to osmotic stress. This study 
reports that the addition of SP to frozen-thawed spermatozoa had detrimental effects on 
motility and kinematics. Previous work by Baas et al. (1983) has also reported a reduced 
motility and viability when SP was added back to ejaculated bull spermatozoa. In vivo, at 
ejaculation, spermatozoa are bathed in SP for a short period during transit along the 
urethra before it is diluted in vaginal secretions. Cholesterol efflux, however, will 
continue with the prolonged exposure of spermatozoa to SP resulting in increased 
membrane sensitivity (Manjunath et al. 2006). This has a negative effect on spermatozoa 
function, as exhibited in this study by a reduction in motility of frozen-thawed 
spermatozoa. However, SP did not affect fresh or post-thawed motility of CES. This 




study reported low post-thawed motility for frozen-thawed CES, regardless of SP source, 
which was in combination with a reduced expression of high MMP. Low post-thaw 
motility for CES has been reported in many species (boar; Kikuchi et al. 1998, stallion; 
Papa et al. 2008, dog; Hewitt et al. 2001). This thesis suggests that the reduced motility 
due to cryopreservation is due to cryo-damage to mitochondrial function. Previous studies 
in men found a similar reduction in MMP due to cryopreservation, however, this study 
was carried out with ejaculated spermatozoa (O'Connell et al. 2002).  
There were no differences in the effect of SP from high or low fertility bulls on 
CES function. However, CES behaved in a similar manner to fresh ejaculated semen in 
terms of a linear loss in motility with increasing days of storage. They also display similar 
cleavage and blastocyst rates to that of ejaculated spermatozoa (Ward et al. 2001, Al Naib 
et al. 2011). These results disagree with results observed by Henault et al. (1995), in 
which the addition of SP to CES improved oocyte penetration.   
This work also highlighted the high occurrence of oxidative stress present in fresh NS 
treatments and therefore, it sought to investigate if antioxidants can improve the quality of 
spermatozoa during storage. Catalase reduced the occurrence of premature acrosome 
reaction in a dose dependant manner as higher doses had less spermatozoa with reacted 
acrosomes. Further investigations into catalase found that it did not reduce post-thaw 
acrosome reaction nor did it have any effect on storage over a five day period. However, 
previous work by Shannon et al. (1984) exhibited the addition of catalase to fresh 
spermatozoa diluent improved 49 day NRR by 1-2%. Previous studies have shown that 
the presence of H2O2, to promote severe oxidative stress, infer that the impact of 
oxidative stress is primarily evident post first cleavage (Silva et al. 2007). Therefore, 
potential future work should include assessments of time to first cleavage and 
developments to the blastocyst rate (Ward et al. 2001).  




In future studies, aimed at maximising the output from young genomically-
selected bulls, fresh semen production should be implemented during the breeding 
season. For SS fresh semen to be viable in Ireland, the industry must accurately identify 
bulls of high fertility, which can be used during the breeding season. This study indicates 
that to best utilise selected bulls for SS processing, both the diluent media and quality 
control assessments of functional parameters need to be as specialised as the processing 
technique.  
  





In conclusion, this work offers the AI industry a number of novel insights into optimising 
fresh semen processing that could potentially benefit young genomically-selected bulls 
and thus optimise the use of the low volume and low concentration ejaculates they 
produce. The use of sex-sorting has the potential to maximise the number of female 
calves from a single ejaculate and the use of SS fresh semen has the potential to minimise 
the drop in pregnancy rates while maximising the number of straws through a lower 
spermatozoa number. However, before this is employed on a national scale, further work 
is needed to develop a more appropriate fresh diluent in which agglutination is 
minimised. Although there is currently no sex-sorting facility in Ireland, AI companies 
are currently stationing bulls in the UK where their semen is collected, sex-sorted and 
frozen. While, this is likely to continue, it would be possible to fly fresh sex sorted semen 
into Ireland during the peak breeding season (similar to how sex-sorted semen is 
transported in New Zealand from the North to South Islands). However, in a seasonal 
grass based system where fertility drives profitability, post-thaw quality control 
parameters will have to be more refined as the lower number of spermatozoa per straw 
reduces the ability of traits, such as poor motility or viability, to be compensated for. 
Moreover, the use of biomarker in SP can help to identify bulls of high field fertility 
which are most suitable for sex sorting.  
  





The main findings of this thesis are 
1. Sex-sorting reduced the occurrence of oxidative stress in both fresh and frozen-
thawed spermatozoa. 
2. Fresh semen diluent for SS spermatozoa should be tailored to reduce the 
occurrence of agglutination. 
3. Sex-sorting of spermatozoa significantly reduced the ability of spermatozoa to 
maintain motility post-thaw and reduces osmotic resistance as well as MMP. 
4. As motility and viability are compensable traits, they are more important in SS 
semen due to the low spermatozoa per straw concentration. 
5. Isoleucine and tricosylic acid concentrations of SP were correlated to fertility of 
NS bulls, whereas, glutamic and aracidic acid concentrations correlate to SS bull 
fertility.  
6. Seminal plasma had a positive effect on the immediate motility of CES, however, 
this was not maintained over extended storage periods. 
7. Seminal plasma had no effect on the storage, fresh or frozen, or in vitro fertilising 
ability of CES. 
8. There was no differential effect of SP sourced from bulls of either high or low 
fertility on spermatozoa osmotic resistance of CES. 
9. The addition of catalase prevented premature acrosome reaction of spermatozoa 
stored in fresh diluent for a short period of time (4 h), but this was not sustained 
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All chemicals and reagents were sourced from Sigma Aldrich (Wicklow, Ireland) unless 
otherwise stated. The SS frozen semen media was a Tris-egg yolk buffer containing 6% 
glycerol and NS frozen semen was processed in a commercial freezing media, 





The pH was adjusted to 7.4 by the addition of 0.1 M NaOH or 0.1 M HCl. The solution 
was labelled sealed and stored in a fridge until needed. 
 
Table i: Composition of Phosphate Buffered Saline solution (PBS) media. 
 
 mmol/L MW g/L g/500 mL 
NaCL 112 58.44 8 4 
KCl 2.68 74.55 0.2 0.1 
Na2HPO4 10.14 141.96 1.44 0.72 
KH2PO4 1.76 136.09 0.24 0.12 
 
  





Biggers, Whitten and Whittingham (BWW) media was prepared on a weekly basis using 
distilled water. Hepes powder is added to the solution before CaCl2 to prevent 
agglutination. BSA was sprinkled on top of the media solution and allowed to dissolve 
into solution in an incubator at 37
0
C for 20 min, or until all the BSA had gone into 
solution. The pH was adjusted to 7.4 by the addition of 0.1 M NaOH or 0.1 M HCl. The 
solution was labelled sealed and stored in a fridge until needed. 
 
Table ii: Composition of Biggers, Whitten and Whittingham (BWW) media. 
 
 mmol/L MW g/L g/500 mL 
NaCL 112 58.44 8 4 
KCl 4.02 74.55 0.29 0.145 
MgCL2 0.52 94.3 0.049 0.0245 
Sodium pyruvate 1.25 110.04 0.138 0.069 
Glucose 13.9 180 2.5 1.25 
NaH2PO4 0.83 119.97 0.0996 0.0498 
Hepes 37 238.3 8.8171 4.4086 
CaCl2 2.25 110.99 0.25 0.125 




Potassium Penicillin G 100 U/mL  0.068 0.034 
BSA 6 mg/ml 256.43 6 3 
** BWW is pressure filtered before storage 
 
  




Caprogen/ Egg-Yolk Based diluent 
Caprogen diluent was prepared using a method recommended by the NCBC and was 
modified accordingly. The diluent was composed of four main constituents; 1) 
glycerolantibiotic solution, 2) buffer solution, 3) catalase, caproic acid and citric acid, and 
4) egg yolk.  
Glycerol – antibiotic solution  
Penicillin G potassium (0.2943 g) was dissolved in dH2O (1 mL), while streptomycin 
sulphate (0.4348 g) was diluted separately in H2O (1 mL). Following this, linco-spectin 
(2.17 mL) was added, and the total volume was brought to 5.5 mL using dH2O. Pure 
glycerol (4.5 mL) was added to the solution which was then mixed using a vortex. The 
glycerol – antibiotic solution can be stored at 4 °C for four weeks. 
Buffer solution 
Sodium citrate (8 g), glycine (4 g) and D-glucose (1.2 g) were added to dH2O (150 mL). 
Refrigerated dH2O was added to bring the total volume to 380 mL. Glycerol – antibiotic 
solution (10 mL) was added to the buffer, which was brought to 400 mL using dH2O. The 
pH of the buffer was then brought to 7.4. Buffer solution can be stored at 4 °C for up to 
one week. 
Catalase, Caproic Acid and Citric Acid 
Liquid bovine liver catalase (100 μL) was added in 5 mL of buffer solution. Caproic acid 
(125 μL) was added to buffer solution (4.88 mL). Citric acid (1.4 g) was dissolved in 
buffer solution (100 mL) and aliquoted into 1.5 mL eppendorfs. Diluted catalase and 
caproic acid can be stored at 4 °C for one week, while citric acid can be stored at -20 °C 
for one year. 
 
  





Egg yolk was separated from egg white, the egg yolk membrane was punctured and the 
egg yolk was extracted using a syringe. A 5% egg yolk Caprogen diluent was prepared 
(400 mL) by pouring buffer solution (368 mL) into a graduated cylinder and adding 
catalase (4 mL), caproic acid (4 mL) and citric acid (4 mL). Egg yolk (20 mL) was added 
last to the solution, which was allowed to stir on a magnetic stirrer. The diluent was then 
filtered using No. 4 Whatmann filter paper on a vacuum filter. Post filtration, the diluent 
was purged in food grade nitrogen gas for 1 h, to dispel any oxygen in the media, and 








Preparation of SYTO 16 (S16) 
The contents of one vial of SYTO 16 (250 μL) were diluted in dimethylsulfoxide 
(DMSO; 2.25 mL) to give a 100 μM SYTO 16 reagent stock solution. A sample of this 
stock solution was diluted in a 1:10 ratio with BWW (10 uM) and then added to sperm in 
a 1:100 ratio, to give a working concentration of 100 nM. SYTO 16 is excited at 488 nm 
and emits at 518 nm. Aliquots of SYTO 16 were stored at – 20 °C and protected from 
light. 
 
Preparation of Propidium Iodide (PI) 
PI was supplied as a 1.5 mM solution. A sample of this stock solution was added to sperm 
in a 1:100 ratio, to give a working concentration of 15 μM. PI is excited at 535 nm and 
emits at 617 nm. Aliquots of PI were stored at 4 °C and protected from light. 
 
Preparation of SYTOX Green 
The contents of one vial of SYTOX Green (250 μL) were diluted in DMSO (2.25 mL) to 
give a 500 μM SYTOX Green reagent stock solution. A sample of this stock solution was 
diluted in a 1:10 ratio with BWW (50 uM) and then added to sperm in a 1:100 ratio, to 
give a working concentration of 0.5 μM. SYTOX Green is excited at 504 nm and emits at 
523 nm. Aliquots of SYTOX Green were stored at – 20 °C and protected from light. 
 
  




Preparation of Yo-Pro-1(YP) 
An aliquot from the contents of one vial of Yo-Pro-1 (50 μL; 1 mM) was diluted in 
DMSO (950 μL) to give a 500 μM Yo-Pro-1 reagent stock solution. A sample of this 
stock solution was diluted in a 1:50 ratio with BWW (50 μM) and then added to sperm in 
a 1:20 ratio, to give a working concentration of 1 μM. Yo-Pro-1 is excited at 491 nm and 
emits at 509 nm. Aliquots of Yo-Pro-1 were stored at – 20 °C and protected from light. 
 
Preparation of CM-H2DCFDA 
The contents of one vial of CM-H2DCFDA (50 μg) was dissolved in DMSO (1 mL) to 
give an 86.5 μM CM-H2DCFDA reagent stock solution. CM-H2DCFDA is excited at 
495 nm and emits at 527 nm. A sample of this stock solution was diluted in a 1:43.5 ratio 
with sperm, to give a working concentration of 2 μM. Aliquots of CM-H2DCFDA were 
stored at – 20 °C and protected from light. 
 
Preparation of MitoSOX Red (MSxR) 
The contents of one vial of MitoSOX Red (50 μg) were dissolved in DMSO (13 μL) to 
give a 5 mM MitoSOX Red reagent stock solution. A sample of this stock solution was 
diluted in a 1:26 ratio with BWW (200 uM) and then added to sperm in a 1:100 ratio, to 
give a working concentration of 2 μM. MitoSOX Red is excited at 510 nm and emits at 
580 nm. Aliquots of MitoSOX Red were stored at – 20 °C and protected from light. 
 
  




Preparation of  Merocyanine (M540) 
The contents of one vial of M540 (100 mg) were dissolved in DMSO (4 mL) to give a 
43.9 mM M540 reagent stock solution. A sample of this stock solution was diluted in a 
1:43 ratio with BWW (1 mM) and then added to sperm in a 1:100 ratio, to give a working 
concentration of 10 μM. M540 is excited at 540 nm and emits at 578 nm. Aliquots of 
M540 were stored at – 20 °C and protected from light. 
 
Preparation of Alexa Fluor Lectin PNA (AF647) 
The contents of one vial of AF647 (100 mg) were dissolved in dH2O (1 mL) to give a 
0.77 mM AF647 reagent stock solution. A sample of this stock solution was added to 
sperm in a 1:166 ratio to sperm, giving a working concentration of 4.5 μM. AF647 is 
excited at 650 nm and emits at 668 nm. Aliquots of AF647 were stored at – 20 °C and 
protected from light. 
 
Preparation of JC-1 
 
To 5.1 mL of DMSO 5 mg of JC-1 was dissolved, resulting in a 1.5 mM stock solution. A 
sample of this stock was then diluted 1:10 into media (150 µM; stock 2). Add 5 μL of 
Stock 2 to 495 μL sample to give a final working concentration of 1.5 μM incubate in the 
dark at 32°C for 15 min. Aliquots of JC-1 were stored at – 20 °C and protected from light. 
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Abstract. This study sought to compare the in vitro characteristics of fresh and frozen non-sorted (NS) and sex-sorted 
(SS) bull spermatozoa. Experiment 1: Holstein–Friesian ejaculates (n ¼ 10 bulls) were split across four treatments and 
processed: (1) NS fresh at 3  106 spermatozoa, (2) X-SS frozen at 2  106 spermatozoa, (3) X-SS fresh at 2  106 
spermatozoa and (4) X-SS fresh at 1  106 spermatozoa. NS frozen controls of 20  106 spermatozoa per straw were 
sourced from previously frozen ejaculates (n ¼ 3 bulls). Experiment 2: Aberdeen Angus ejaculates (n ¼ 4 bulls) were split 
across four treatments and processed as: (1) NS fresh 3  106 spermatozoa, (2) Y-SS fresh at 1  106 spermatozoa,
(3) Y-SS fresh at 2  106 spermatozoa and (4) X-SS fresh at 2  106 spermatozoa. Controls were sourced as per 
Experiment 1. In vitro assessments for progressive linear motility, acrosomal status and oxidative stress were carried out 
on Days 1, 2 and 3 after sorting (Day 0 ¼ day of sorting. In both experiments SS fresh treatments had higher levels of 
agglutination in comparison to the NS fresh (P , 0.001), NS frozen treatments had the greatest PLM (P , 0.05) and NS 
spermatozoa exhibited higher levels of superoxide anion production compared with SS spermatozoa (P , 0.05). 
Experiment 1 found both fresh and frozen SS treatments had higher levels of viable acrosome-intact spermatozoa 
compared with the NS frozen treatments (P , 0.01).
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Introduction
The use of flow cytometry to sex-sort bull spermatozoa is cur-
rently the only sperm-sorting technology available that gives a
strong and reliable bias in offspring gender, typically in the order
of 90% (Garner et al. 2013). Widespread use of this technology
has the potential to revolutionise the dairy breeding industry,
whereby X-sex-sorted (SS) spermatozoa of dairy breeds could
be used to produce replacement heifers from cows with the
highest genetic merit, with the remainder being bred to Y-SS
spermatozoa of beef breeds with the shortest gestation length,
such as Aberdeen Angus (Hohenboken 1999; Cromie et al.
2014). However, despite this technology being commercially
available for over a decade, SS spermatozoa still only represent a
small percentage of the artificial insemination (AI) market
(Seidel 2014). The use of SS frozen spermatozoa has primarily
been limited to use on heifers (Borchersen and Peacock 2009;
DeJarnette et al. 2009; Frijters et al. 2009) due to concerns over
reduced fertility rates in cows (Seidel and Schenk 2008;
DeJarnette et al. 2011; Healy et al. 2013). This situation appears
to be changing, however, with improved sorting technologies,
and the gap between the fertility of conventional non-sorted
(NS) semen and SS semen is closing as assessed by scanned
pregnancy rate (de Graaf et al. 2014) and non-return rates (Xu
2014; as reviewed by Vishwanath 2014).
The reasons for lower fertility with SS frozen spermatozoa
are multi-factorial and have been attributed to a combination
of reduced number of spermatozoa per straw (typically
15–20 106 vs 2.1 106 spermatozoa per straw for NS frozen
and SS frozen spermatozoa respectively) as well as sperm
damage during the sex-sorting and freezing processes. During
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sex sorting spermatozoa undergo stresses such as exposure
to Hoechst stain (Garner and Seidel 2008), laser exposure
(Garner 2006), centrifugation (Shekarriz et al. 1995) and sorting
pressure (Suh et al. 2005), while reduced fertility has primarily
been attributed to mechanical stresses during the sorting process
(Garner et al. 2013). Furthermore, the spermatozoon’s natural
defences against lipid peroxidation are diminished as a result
of the high dilution factor during sorting (Espinosa-Cervantes
and Cordova-Izquierdo 2012). Dilution can disrupt the pH–
osmolarity equilibrium, which could affect membrane stability
(Gosálvez et al. 2011), cause early capacitation and affect the
ability to undergo the acrosome reaction, thus affecting fuso-
genic properties with the oocyte (Maxwell and Johnson 1997;
Watson 2000; Gosálvez et al. 2011).
The use of SS fresh spermatozoa may be a viable alternative
and has the potential to yield higher fertility than SS frozen
spermatozoa as spermatozoa are not subjected to the insult of
freezing after sorting, as well as the added benefit of requiring
fewer spermatozoa per straw (Butler et al. 2014a; Xu 2014).
However, there are a small number of published studies describ-
ing the in vitro quality of SS fresh bull spermatozoa (Mocé et al.
2006; Klinc et al. 2007; Blondin et al. 2009; Gosálvez et al.
2011; Bucci et al. 2012). Blondin et al. (2009) compared SS and
NS (fresh and frozen) spermatozoa in in vitro fertilisation (IVF)
and found that freezing, and not sexing, had a more significant
negative effect on semen quality. The same study reported that
the sex-sorting process selects better-quality spermatozoa by
eliminating spermatozoa with compromised DNA. Klinc et al.
(2007) reported no difference in the motility or membrane
stability of fresh SS and NS spermatozoa and in a field trial
with a small number of females reported that fresh SS bull
spermatozoa could maintain their fertile lifespan for up to 72 h
after sorting. In contrast, Bucci et al. (2012) compared several
in vitro capacitation-related factors in both SS and NS fresh bull
and boar spermatozoa and concluded that the sex-sorting pro-
cess resulted in de-stabilisation of the sperm membrane. Mocé
et al. (2006), working with both fresh and frozen bull spermato-
zoa, reported higher viability in SS spermatozoa compared with
NS spermatozoa within both fresh and frozen treatments.
Interestingly, they also demonstrated that although fresh SS
and NS spermatozoa respond similarly to the induction of the
acrosome reaction (using dilauroylphosphatidylcholine PC12),
frozen SS bull spermatozoa exhibited an accelerated acrosome
reaction compared with NS frozen spermatozoa, under non-
acrosome reaction-inducing conditions. Taken together, this
growing body of evidence suggests that SS fresh spermatozoa
are less compromised than SS frozen spermatozoa.
A recent field study fromNew Zealand evaluated X-SS fresh
spermatozoa (1 106 spermatozoa per straw) against NS fresh
spermatozoa (1.25 – 2 106 spermatozoa per straw) in over
50 000 cows and reported a reduction in fertility, measured via
non-return rate, of just 3.8–4% following insemination with SS
fresh spermatozoa (Xu 2014). This is encouraging, as SS fresh
spermatozoa at 1 106 spermatozoa per straw would enable
more than twice as many insemination doses to be obtained per
ejaculate compared with traditional SS frozen spermatozoa,
leading to a potentially cheaper product, without the marked
reduction in fertility in cows. The in vitro and in vivo fertility
of NS fresh spermatozoa following storage for several days
has been well documented (Vishwanath and Shannon 2000;
Al Naib et al. 2011; Murphy et al. 2013; Murphy et al. 2015);
however, it is unclear if these procedures are suitable for storing
SS fresh spermatozoa and if differences exist between X- and
Y-SS spermatozoa during in vitro storage. Therefore, under-
standing the physiology of SS fresh spermatozoa under field
conditions is critical to designing diluents for extension of SS
spermatozoa at low concentrations. With this in mind, the
objective of this study was to assess the in vitro quality of X-
and Y-SS spermatozoa processed fresh or frozen from the same
ejaculate and to compare this with conventional NS fresh and
frozen spermatozoa from the same bulls. Uniquely, this in vitro
characterisation is strengthened by the availability of concep-





The aim of this experiment was to assess the in vitro quality
of X-SS and NS spermatozoa processed as fresh or frozen.
Semen was collected at two commercial AI centres from
Holstein–Friesian bulls (Bos taurus; n¼ 10; denoted A to J) of
proven fertility using an artificial vagina (1–2 ejaculates per
bull; 18 ejaculates collected in total). All ejaculates processed
had a minimum normal morphology and motility of 80% and
75% respectively. Undiluted ejaculates were transported in a
temperature-regulated box (208C) within 3 h to a Sexing Tech-
nologies laboratory to beX-SS according to standard procedures
with a targeted purity for the X sperm fraction of 90%. Sex
sorting was performed on a high-speed flow cytometer at 40 psi
with a 70-mm nozzle and vanguard laser set at 200 mW. The
event rate was controlled between 20 000 and 21 000 events s1
(Burroughs et al. 2013). After sorting, spermatozoa from indi-
vidual ejaculates were processed as follows: (1) NS fresh at
3 106 spermatozoa per straw, (2) X-SS frozen at 2 106
spermatozoa per straw, (3) X-SS fresh at 2 106 spermatozoa
per straw, (4) X-SS fresh at 1 106 spermatozoa per straw and
(5) NS frozen at 20 106 spermatozoa per straw. Treatments
1 to 4 were split from the same ejaculate on the day of collection
and Treatment 5 was sourced through two AI centres from
previously collected ejaculates from the same bulls. The sperm
number for the NS and SS frozen and NS fresh treatments were
based on industry standards. As there have been only a limited
number of studies using SS fresh spermatozoa, two concentra-
tions were used (1 106 and 2 106). Previous work by our
group has demonstrated that the in vitro quality of NS fresh
spermatozoa can be influenced by sperm concentration (Murphy
et al. 2013). All fresh and frozen media used for processing NS
fresh, SS fresh and SS frozen semen were proprietary media
supplied by Sexing Technologies. The SS frozen semenmedium
was a Tris–egg-yolk buffer containing 6% glycerol, which has
been optimised over many years to provide a benign environ-
ment to hold and freeze spermatozoa in low concentrations and
is now part of the SexedULTRA suite of media (R. Vishwanath,
Sexing Technologies, pers. comm.). The fresh semen medium
B Reproduction, Fertility and Development S. A. Holden et al.
was a new medium containing HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer and additives that was
developed initially for NS spermatozoa but had been adapted to
work with SS fresh spermatozoa for this project (R. Vishwanath,
Sexing Technologies, pers. comm.). NS frozen semen was
processed in a commercial freezing medium, BULLXcell (IMV
Technologies).
All fresh treatments were transported and stored at room
temperature until time of assessment on each day, whereas
frozen treatments were frozen using routine procedures and
stored under liquid nitrogen. In vitro analyses were first carried
out the morning after sorting (Day 1; Day 0¼ day of sorting), at
which time ejaculates ranged from 15 h to 33 h after sorting
(24 1.3 h; mean s.e.m.). One straw per treatment was
assessed in vitro at 24-h intervals (range 23–25 h) on Days 1,
2 and 3 after sorting for progressive linear motility (PLM;
indicative of a functional motile sperm population), acrosomal
status (intact acrosome required for fertilisation) and oxidative
stress (high levels are indicative of stressed spermatozoa leading
to diminished sperm function). The remaining straws were
distributed amongst AI technicians as part of a field trial
(,15 000 inseminations), for which the preliminary conception
rate data based on 3943 ultrasound pregnancy scans have been
reported in Butler et al. (2014a, 2014b).
Experiment 2
Currently, the greatest demand for sexed semen is for X-SS
Holstein spermatozoa but there is a growing demand for Y-SS
spermatozoa from short-gestation early-maturing beef breeds
for use on the dairy herd. The aim of this experiment was to
evaluate the in vitro characteristics of Y-SS spermatozoa pro-
cessed and stored as fresh spermatozoa under field conditions
and to compare this to X-SS fresh spermatozoa and to NS fresh
and frozen spermatozoa. Bull semen was collected, transported
and processed as described above from Aberdeen Angus bulls
(n¼ 4; denoted K to N) of proven fertility (3–5 ejaculates per
bull; 15 ejaculates assessed in total). All ejaculates processed
had a minimum normal morphology and motility of 80% and
75% respectively. Transport and sorting were carried out as
previously described with a target purity of 90%. Treatments
were sorted and stored in the appropriate Sexing Technologies
diluents as follows: (1) NS fresh at 3 106 spermatozoa per
straw, (2) Y-SS fresh at 1 106 spermatozoa per straw, (3) Y-SS
fresh at 2 106 spermatozoa per straw, (4) X-SS fresh at 2 106
spermatozoa per straw and (5) NS frozen at 20 106 spermato-
zoa per straw, sourced from previous ejaculates from the same
bulls. Only one concentration of X-SS fresh spermatozoa was
used as the main focus of the experiment was to characterise
Y-SS fresh spermatozoa. Proprietary diluents were used for NS
fresh, SS fresh and frozen spermatozoa whereas BULLXcell
was the diluent used for NS frozen spermatozoa. In vitro
analysis was carried out as per Experiment 1; however, no field
inseminations were carried out using this semen.
Progressive linear motility and agglutination
Frozen straws were thawed at 378C for 30 s and incubated in a
heated block at 378C while fresh straws were stored at room
temperature until use and heated to 378C in a heated block before
being assessed within 20min of initial incubation. PLM was
assessed for each treatment by placing a 5-mL sample on a pre-
warmed glass slide overlain with a pre-warmed coverslip.
Spermatozoa were assessed under a phase-contrast microscope
(400) by one experienced evaluator. Two counts were taken;
50 motile spermatozoa were assessed in each count and the
number ofmotile spermatozoa swimming in a progressive linear
fashion was recorded (Kiernan et al. 2013).
The incidence of sperm agglutination were assessed using
nigrosin–eosin staining (sperm : stain ratio of 1:1; 0.068M
water-soluble nigrosin, 0.014M water-soluble eosin and
0.116M sodium citrate; Kiernan et al. 2013). A smear was
made with 10 mL of the sperm–stain mixture on a glass slide and
allowed to dry. Spermatozoa were viewed under a phase-
contrast microscope (1000) by one experienced evaluator
and two counts were taken; 50 events were assessed in each
count and the average of these counts was recorded. An event
was described as the occurrence of a single sperm cell or an
agglutinated mass of spermatozoa. The number of spermatozoa
per agglutinatedmass was also recorded. Agglutination percent-
age was calculated as the number of sperm cells present in 50
agglutinated masses as a percentage of the total sperm popula-
tion assessed in the 50 events as per the following equation:
number of spermatozoa in agglutinated masses/total number of
spermatozoa counted 100.
Flow cytometric analysis of acrosome integrity and
oxidative stress
Flow cytometry assessment of spermatozoa for specific intra-
cellular markers of acrosome integrity and oxidative stress was
used as it can objectively quantify large numbers of spermato-
zoa in a short period of time. Samples were diluted to a con-
centration of 3 105 spermatozoa mL1 in Biggers, Whitten
and Whittingham medium (BWW; Koppers et al. 2008) and
were analysed on a flow cytometer (Guava easyCyte 6HT-2 L;
Merck Millipore) equipped with both a krypton laser (642 nm)
and an argon laser (488 nm). Appropriate single-colour controls
were prepared to establish the respective fluorescent peaks of
the individual stains. These were used in conjunction with the
forward scatter (FSC) and side scatter (SSC) signals to dis-
criminate spermatozoa from debris (see Fig. S1 and S2, avail-
able as Supplementary Material to this paper). Fluorescent
events were recorded using GuavaSoft (Version 2.7; Merck
Millipore) and all variables were assessed using logarithmic
amplification. In each sample 10 000 gated events were
captured.
Acrosome status was assessed using the fluorescent stain
Alexa Fluor 647 PNA (lectin peanut agglutinin from Arachis
hypogaea AF647; Life Technologies) and a method adapted
from Murphy et al. (2015). AF647 consists of an Alexa Fluor
647 fluorochrome conjugated with lectin PNA from Arachis
hypogaea (peanut). Briefly, AF647 was added to 500mL of
spermatozoa diluted to 3 105 spermatozoa mL1 in BWW
medium to give a final concentration of 6 mgmL1 and was then
incubated in the dark at 378C for 15min. AF647 fluoresces in the
presence of the enzyme acrosin, which is exposed upon the loss
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of the acrosomal cap. Following this incubation period the
fluorescent stain propidium iodide (PI; Life Technologies)
was added to the sample at a final concentration of 12 mM and
incubated in the dark for 5min at 378C. PI is selectively taken up
by membrane-compromised cells, thus indicating a loss of
viability. The fluorescence of AF647 was analysed via the
red2 (664/20 BP) detector and PI via the yellow detector
(583/26BP); no compensation was needed. The percentage of
viable spermatozoa with intact acrosomes was calculated as the
percentage of AF647-negative cells of the PI-negative popula-
tion as initially gated based on controls, FSC and SSC (Fig. 1).
The generation of the superoxide anion was assessed using
the fluorescent stain MitoSOX Red (Life Technologies) and a
method adapted from Kiernan et al. (2013). Briefly, diluted
samples were incubated at 378C in the presence of MitoSOX
Red (4 mM) in the dark for 15min. MitoSOX Red is an
intracellular stain that fluoresces in the presence of the superox-
ide anion. Following this, the nucleic dead stain SYTOX Green
(Life Technologies) was added to give a final concentration of
0.25 mM and again, incubated at 378C in the presence of
MitoSOX Red in the dark for 15min. SYTOX Green works in
a similar manner to PI as the stain will only penetrate cells with
compromised membranes. The fluorescence of MitoSOX Red
was analysed via the red (690/50BP) detector and SYTOX
Green via the green detector (525/30BP); minor computed
compensation was carried out. The presence of superoxide
was calculated as the percentage of MitoSOX Red-positive
spermatozoa of the SYTOX Green-negative population as
initially gated based on controls, FSC and SSC (Fig. 2).
Statistical analysis
Data were examined for normality of distribution, tested for
homogeneity of variance and transformed where appropriate.
Data for sperm acrosomal status and PLM (both from Experi-
ment 1) were transformed using a log10 transformation and a
power transformation (lambda¼ 1.0) respectively. Motility,
agglutination, acrosome status and oxidative stress data were
analysed using the general linear model repeated-measures
procedure with a compound symmetry covariance structure in
the Statistical Package for the Social Sciences (SPSS; Version
22.0; IBM). The final model included the main effects of
treatment, day, bull, and their interactions. Where an effect was
significant, a Bonferroni post hoc test was carried out to com-
pare data groups of interest. Data presented in this paper are
presented as the non-transformed values; however, all P values
were calculated using the transformed data where required.
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Fig. 1. Fluorescent dot plot and univariate histograms showing the distribution of Alexa Fluor 647 (AF647) and propidium iodide (PI)
fluorescence in bull spermatozoa (X-SS 2 106) as determined by flow cytometry. The population of spermatozoa was identified based on the
FSC and SSC variables and discriminated from debris, known as P01.Population. (a) The fluorescence dot plot reports the sperm populations
positive and negative for AF647 and PI. (b) The univariate histogram represents the AF647 single-colour control and displays the proportion of
negative (unstained) and positive events for AF647 Red2 fluorescence in the red detector. (c) The univariate histogram represents a PI single-
colour control and displays the proportion of negative (unstained) and positive events for PI in the yellow detector.




The two X-SS fresh treatments exhibited higher levels
of agglutination compared with all other treatments (P, 0.001;
Fig. 3). There was no effect of day (Days 1–3) or treatment
day interaction. A significant treatment bull interaction
(P, 0.05) was evident in the X-SS fresh treatments. The bull
with the highest overall level of agglutination (Bull F) had
65.4 3.5% and 74.5 2.1% spermatozoa agglutinated in the
X-SS fresh 1 106 and 2 106 treatments respectively, whereas
the bull with the lowest levels of agglutination (Bull I) had
31.3 6.1% and 66.1 4.0% spermatozoa agglutinated inX-SS
fresh 1 106 and 2 106 treatments respectively.
Progressive linear motility
There was an effect of treatment on PLM (P, 0.01). PLM
was highest in the NS frozen treatment and was statistically
higher than the twoX-SS fresh treatments on all assessment days
(Table 1). It should be noted that PLMwas assessed on themotile
population of spermatozoa and may have been skewed by the
high levels of agglutination in the SS fresh treatments. Therewas
no effect of bull, day or treatment day interaction for PLM.
Acrosome status
The NS frozen treatment had the lowest percentage of viable
acrosome-intact spermatozoa in comparison to all of the X-SS
treatments (Table 2). All of the fresh treatments, both SS andNS,
showed similar levels of viable acrosome-intact spermatozoa
(P. 0.05). There was no treatment bull interaction; however,
there was an effect of bull on the level of viable acrosome-intact
spermatozoa (P, 0.01), indicating variability between animals
in acrosomal status. Therewas no effect of day (Days 1–3) on the
percentage of viable acrosome-intact spermatozoa.
Oxidative stress
NS treatments, both fresh and frozen, exhibited a higher
percentage of spermatozoa positive for superoxide
(74.8 5.90% and 52.8 1.89% respectively; Fig. 4) compared
with other treatments (,45%; P, 0.001). On Day 1, the NS
fresh treatment had a greater proportion of spermatozoa positive
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Fig. 2. Fluorescent dot plot and univariate histograms showing the distribution of MitoSOX Red and SYTOX Green fluorescence in bull
spermatozoa (X-SS 2 106) as determined by flow cytometry. The population of spermatozoawas identified based on the FSC and SSC variables and
discriminated from debris, known as P01.Population. (a) The fluorescence dot plot reports the sperm populations positive for MitoSOX Red and
SYTOX Green and an unstained sperm population that is negative for both stains. (b) The univariate histogram represents a MitoSOX Red single-
colour control and displays the proportion of negative (unstained) and positive events for MitoSOX Red fluorescence in the red detector. (c) The
univariate histogram represents a SYTOX Green single-colour control and displays the proportion of negative (unstained) and positive events for
SYTOX Green in the green detector.
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1 106 and 2 106 treatments (40.5 3.6% and 34.2 2.4%
on Day 1 respectively; P, 0.001). There was no effect of day
but there was a treatment day interaction on superoxide
production (Fig. 4; P, 0.05).
Experiment 2
Agglutination
The trends observed for agglutination in Experiment 1 were
mirrored in Experiment 2. Higher levels of agglutination were
observed in the three SS fresh treatments compared with the NS
treatments (P, 0.001; Fig. 3). There was a day bull interac-
tion (P, 0.01) as some bulls exhibited an increased level of
agglutinationwith increasing day of storage. Therewas no effect
of day or treatment day interaction on agglutination.
Progressive linear motility
The NS frozen treatment had higher overall PLM than the
Y-SS fresh 2 106 treatment across all days (P, 0.05; Table 3).
Table 1. Progressive linear motility (%) of non-sorted (NS) and sex-sorted (SS) spermatozoa from dairy bulls assessed on Days 1, 2 and 3 after sex
sorting (Experiment 1)
Results are reported as mean s.e.m. NS frozen 20 106 treatment was from a different ejaculate from the other treatments. ns, not significant. a,bValues with
different superscript letters within each column are significantly different
Treatment Day 1 Day 2 Day 3 Statistical significance
Treatment Day Treatment day
NS fresh 3 106 64.0 5.51ab 63.5 5.18a 67.2 5.11ab P, 0.01 ns ns
X-SS frozen 2 106 A 59.3 6.35a 66.2 3.57ab 61.3 6.71a
X-SS fresh 2 106 48.8 5.14a 53.3 5.11a 51.8 3.86a
X-SS fresh 1 106 58.0 4.02a 55.5 3.22a 56.3 3.93a
NS frozen 20 106 A 71.8 5.45b 77.4 5.93b 78.0 5.61b
AFrozen treatments were thawed daily just before analysis on each assessment day.
80
Treatment: P  0.001
NS Fresh 3M
X-SS Frozen 2m
X-SS Fresh 2M 
X-SS Fresh 1M 
NS Frozen 20M
NS Fresh 3M
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Treatment x day: ns
Treatment: P  0.001
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Fig. 3. Agglutination of non-sorted (NS) and sex-sorted (SS) spermatozoa from (a) dairy
bulls (Experiment 1) and (b) beef bulls (Experiment 2) assessed on Days 1, 2 and 3 after sex
sorting. Vertical bars represent s.e.m.; ns, not significant.
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Despite the high levels of agglutination in the fresh SS treat-
ments all X- and Y-SS treatments had mean PLM scores
ranging from 40–70%. There was no effect of either bull or
day (Days 1–3) on PLM.
Acrosome status
There was no effect of treatment on the percentage of viable
acrosome-intact spermatozoa and no significant interactions
were detected between bull, day or treatment, in any combina-
tion (Table 4). Day of storage had no effect on the percentage of
viable acrosome-intact spermatozoa.
Oxidative stress
NS treatments, regardless of storage type, exhibited a higher
proportion of spermatozoa positive for superoxide anion





































X-SS Fresh 2M 
X-SS Fresh 1M 
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Y-SS Fresh 2M 
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NS Frozen 20M
Y-SS Fresh 1M
Treatment: P  0.05
Day: ns
Treatment x day: ns
Treatment: P  0.001
Day: ns
Treatment x day: P  0.05
Fig. 4. Presence of the superoxide anion of non-sorted (NS) and sex-sorted (SS) spermato-
zoa from (a) dairy bulls (Experiment 1) and (b) beef bulls (Experiment 2) assessed on Days 1,
2 and 3 after sex sorting. Vertical bars represent s.e.m.; ns, not significant.
Table 2. Viable acrosome-intact spermatozoa (%) of non-sorted (NS) and sex-sorted (SS) spermatozoa from dairy bulls assessed on Days 1, 2 and 3
after sex sorting (Experiment 1)
Results are reported as mean s.e.m. NS frozen 20 106 treatment was from a different ejaculate from the other treatments. ns, not significant. a,bValues with
different superscript letters within each column are significantly different
Treatment Day 1 Day 2 Day 3 Statistical significance
Treatment Day Treatment day
NS fresh 3 106 94.3 1.41a 94.2 1.65a 93.0 1.51ab P, 0.01 ns P¼ 0.06
X-SS frozen 2 106 A 97.1 0.69a 98.3 0.54a 97.5 0.72a
X-SS fresh 2 106 96.5 0.38a 98.0 0.67a 96.8 0.70ab
X-SS fresh 1 106 97.3 0.59a 97.8 0.42a 95.8 0.97ab
NS frozen 20 106 A 88.9 1.99a 88.7 1.86a 88.7 1.82b
AFrozen treatments were thawed daily just before analysis on each assessment day.
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population positive for the superoxide anion, whereas only
25–40% of the SS spermatozoa were positive for the superox-
ide anion. In addition, there was no effect of bull, day or
treatment day interaction.
Discussion
Themain findings of this studywere that: (1) sex sorting resulted
in a more functional sperm population with reduced oxidative
stress and (2) excessive agglutination in highly diluted fresh SS
treatments indicates the need for a diluent tailored for SS fresh
spermatozoa. This is the first published study to assess the
in vitro characteristics of SS fresh (X- and Y-SS) and frozen bull
spermatozoa from the same ejaculate. While there was no dif-
ference in the in vitro quality of X- andY-SS spermatozoa sorted
from the same ejaculate processed as fresh spermatozoa, SS
fresh spermatozoa exhibited significantly higher levels of
agglutination compared with the other treatments, regardless of
whether they were X- or Y-SS. Irrespective of the way in which
they were processed, SS spermatozoa had a lower percentage of
spermatozoa positive for oxidative stress (superoxide anion)
compared with the NS treatments.
The incidence of sperm agglutination in the SS andNS frozen
treatments was within the normal range (,10%), in agreement
with the findings of Carvalho et al. (2010). In the present study,
however, there were abnormally high levels of agglutination in
all of the SS fresh treatments, irrespective of whether they were
X- orY-SS. Sperm agglutination has been known, from previous
studies of domestic mammals, to be due to a variety of factors,
including media composition (Harayama et al. 2000), removal
of sperm surface anti-agglutinin (Lindahl and Sjoblom 1981;
Yang et al. 2012) as well as centrifugation and washing (Dott
and Walton 1960; Suzuki and Nagai 2003). However, the same
sorting process was used for the SS frozen and fresh treatments,
yet agglutination was only an issue in the latter, suggesting that
either the freezing process dissociates any agglutination or the
diluent used in freezing prevents agglutination in the SS frozen
treatment. In agreement with the present study, Yang et al.
(2012) reported that the agglutination of NS fresh spermatozoa,
stored in an egg-yolk diluent, had no adverse effect on sperm
functionality in terms of acrosome integrity, but did interfere
with sperm–oocyte interactions during IVF. However, it should
be noted that the correlation between IVF success and field
fertility is tenuous. In the present study, the conception rates for
the SS frozen, SS fresh 2 106 and SS fresh 1 106 treatments
(Experiment 1) were,87, 80 and 75% of the conventional fresh
treatment respectively (Butler et al. 2014a). This represents an
improvement in fertility of frozen SS spermatozoa compared
with that reported by DeJarnette et al. (2009) but was signifi-
cantly lower than the 95% that Xu (2014) reported for SS fresh
spermatozoa. The Xu (2014) study, which was carried out over
the years 2011 to 2013 inclusive, used XY SS spermatozoa in
2011 and 2012 and SexedULTRA spermatozoa in 2013
(R. Vishwanath, Sexing Technologies, pers. comm.), whereas
the present study used SexedULTRA spermatozoa. Another key
difference between the studies is that Xu (2014) used the
Table 4. Viable acrosome-intact spermatozoa (%) of non-sorted (NS) and sex-sorted (SS) spermatozoa fromAberdeenAngus bulls assessed onDays
1, 2 and 3 after sex sorting (Experiment 2)
Results are reported as mean s.e.m. NS frozen 20 106 treatment was from a different ejaculate from the other treatments. ns, not significant
Treatment Day 1 Day 2 Day 3 Statistical significance
Treatment Day Treatment day
NS fresh 3 106 98.9 0.27 99.0 0.22 98.9 0.29 ns ns ns
Y-SS fresh 1 106 99.3 0.08 99.1 0.12 99.2 0.07
Y-SS fresh 2 106 99.2 0.19 99.1 0.18 99.2 0.12
X-SS fresh 2 106 99.0 0.06 98.7 0.22 99.0 0.26
NS frozen 20 106 A 98.7 0.35 99.1 0.23 98.9 0.35
AFrozen treatments were thawed daily just before analysis on each assessment day.
Table 3. Progressive linearmotility (%) of non-sorted (NS) and sex-sorted (SS) spermatozoa fromAberdeenAngus bulls assessed onDays 1, 2 and 3
after sex sorting (Experiment 2)
Results are reported asmean s.e.m. NS frozen 20 106 treatmentwas from a different ejaculate from the other treatments. ns, not significant. a,b,cValueswith
different superscript letters within each column are significantly different
Treatment Day 1 Day 2 Day 3 Statistical significance
Treatment Day Treatment day
NS fresh 3 106 59.7 5.12ab 62.7 7.09ab 74.4 2.78a P, 0.05 ns P, 0.05
Y-SS fresh 1 106 62.7 4.78ab 70.3 6.33ab 70.0 5.22a
Y-SS fresh 2 106 52.7 9.68a 57.0 6.08a 48.7 7.33b
X-SS fresh 2 106 61.0 6.15ab 60.0 6.28ab 40.0 3.79bc
NS frozen 20 106 A 87.5 2.50b 86.0 2.10b 84.4 3.06a
AFrozen treatments were thawed daily just before analysis on each assessment day.
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Caprogen diluent, whereas in the present study Sexing Technol-
ogies’ own proprietarymedia (not disclosed) was used for all the
fresh sperm treatments and may at least in part explain the
differences in observed fertility rates. While there are no direct
comparisons of agglutinated spermatozoa and field fertility in
the literature, it is likely that the high levels of agglutination in
this study compromised in vivo fertility.
The negative effects of the SS process on PLM of spermato-
zoa were observed in both experiments. In particular, it was
noteworthy that the NS fresh 3 106 treatment had consistently
higher PLM compared with the SS fresh sperm treatments. This
higher PLM was mainly attributed to the high occurrence of
agglutination within the SS fresh treatments. Several studies
have reported that SS fresh spermatozoa have similar motility
characteristics to NS fresh spermatozoa in bulls (Klinc et al.
2007), boars (del Olmo et al. 2013) and stallions (Balao da Silva
et al. 2013), but those studies did not report the high incidence of
agglutination that was observed in this study.
The NS frozen treatment had a significantly higher percent-
age of viable acrosome-reacted spermatozoa when compared
with all the SS treatments in Experiment 1 (both fresh and
frozen) but this trend was not repeated in Experiment 2. Overall,
the levels of viable acrosome-reacted spermatozoa in both SS
andNS treatments were comparable to other studies (Mocé et al.
2006; Pons-Rejraji et al. 2009) andwere not affected by duration
of storage. This is in agreement with Klinc et al. (2007) who
reported a higher proportion of NS fresh spermatozoa with
damaged acrosomes (12%) compared with SS fresh spermato-
zoa (6.2%) and this was not affected by duration of storagewhen
stored for up to 48 h at 158C.
As by-products of cellular respiration, reactive oxygen
species (ROS) are required for inter- and intra-cellular signal-
ling (Rivlin et al. 2004; Aitken et al. 2012); however, ROS
above basal levels can have detrimental effects on sperm
function (Guthrie and Welch 2012). The lower levels of oxida-
tive stress in the SS treatments suggest that sex sorting results in
better quality spermatozoa. This would suggest that the sex-
sorting process may remove the major sources of ROS, such as
leukocyte contamination (human, Sikka 1996) and immature or
morphologically abnormal spermatozoa (bull, Al-Makhzoomi
et al. 2008; Shojaei Saadi et al. 2013; human, Agarwal et al.
2003; De Vos et al. 2003; Walczak-Jedrzejowska et al. 2013).
Mammalian spermatozoa can, however, spontaneously produce
ROS such as superoxide anion (O’Flaherty et al. 2003), hydro-
gen peroxide (Alvarez et al. 1987) and nitric oxide (Chatterjee
and Gagnon 2001). At low concentrations, these ROS play an
important role in sperm physiological processes, such as capac-
itation and the acrosome reaction in the bull (Breininger et al.
2010) and human (de Lamirande et al. 1997) and also signalling
during fertilisation as seen in the bull (Morado et al. 2013) and
mouse (Kodama et al. 1996). In excessive concentrations,
however, ROS cause ATP depletion leading to insufficient
axonemal phosphorylation (Bansal and Bilaspuri 2011), lipid
peroxidation as well as loss of motility and viability (Sikka
1996; Bansal and Bilaspuri 2011) of mammalian spermatozoa.
The in vitro results of the present study demonstrate that sex
sorting results in a more functional sperm population. Although
this is in contrast to some previous studies (Suh et al. 2005;
Mocé et al. 2006; Carvalho et al. 2010), other, more recent
studies have reported improvements in fertility of SS spermato-
zoa (de Graaf et al. 2014; Xu 2014; as reviewed by Vishwanath
2014). SS fresh spermatozoa have immense commercial poten-
tial as they can be used at much lower sperm numbers than SS
frozen spermatozoa without the same reduction in fertility rates
(Xu 2014) and are especially attractive in seasonal grass-based
production systems, such as in Ireland and New Zealand, where
NS fresh spermatozoa are already in use. However, in this study
there were abnormally high levels of head-to-head agglutination
in the SS fresh treatments, which may explain the reduced
fertility rates of the respective treatments in the corresponding
field trial (Butler et al. 2014a). Clearly this illustrates that semen
diluents for SS fresh spermatozoa need to be carefully optimised
to ensure agglutination of spermatozoa is at aminimumand does
not compromise successful fertilisation.
Conclusion
In conclusion, this study characterises the in vitro quality of
X- and Y-SS bull spermatozoa from the same ejaculate, pro-
cessed as fresh or frozen and stored under field conditions. The
results show that sex sorting can result in a more functional
sperm population in terms of lower levels of oxidative stress.
However, the high levels of agglutination observed in the fresh
SS treatments clearly demonstrate the need to optimise the
composition of semen diluents for SS fresh spermatozoa. The
use of sex-sorted (SS) fresh spermatozoa has the potential to
yield higher pregnancy rates than SS frozen spermatozoa, as
fresh spermatozoa are not subjected to the insult of cryopres-
ervation after sorting.
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a b s t r a c t
The hypothesis of this study was that different in vitro parameters are required to predict the
in vivo fertility of non-sorted (NS) and sex-sorted (SS) semen. Thus, the aimwas to correlate
in vitro bull sperm functional parameters (experiment 1) and seminal plasma composition
(experiment 2) with pregnancy rates using 2 cohorts of bulls (NS and SS). Experiment 1:
ejaculates from each bull (n ¼ 3 ejaculates per bull; n ¼ 6 bulls for both NS and SS) were
assessed for motility, thermal stress tolerance and morphology using microscopy, and
viability, osmotic resistance, mitochondrial membrane potential, and acrosome integrity
using flow cytometry. Fertilizing ability was assessed using IVF. Experiment 2: ejaculates
(n ¼ 3 per bull; n ¼ 8 and 6 bulls for NS and SS, respectively) were collected, seminal plasma
harvested and frozen and later analyzed for amino acid and fatty acid composition using gas
chromatography mass spectrometry. In the NS cohort of bulls, there was no correlation be-
tween pregnancy rate and any of the sperm functional parameters assessed. However, within
the SS cohort, motility and viability were correlated with pregnancy rate (r ¼ 0.84 and 0.80,
respectively; P< 0.05). There was no correlation between IVF outcome and pregnancy rate in
either the SS or NS cohort of bulls. In the NS cohort of bulls, concentrations of the amino acid
isoleucine and the fatty acid tricosylic acid (C23:0) were correlated with pregnancy rate
(r ¼ 0.80 and 0.74, respectively; P < 0.05). Within the SS cohort of bulls, the amino acid
glutamic acid and the fatty acid arachidic acid (C20:0) were correlated with pregnancy rate
(r ¼ 0.84 and 0.82, respectively; P < 0.05). In conclusion, this study suggests that different
in vitro markers of fertility are required to predict the fertility of NS and SS sperm.
 2016 Elsevier Inc. All rights reserved.
1. Introduction
Currently, the only reliable method to assess the fertility
of a bull is to perform test inseminations in the field,
however, this takes time, costly for the industry and is
challenged by the fact that the fertility of individual sires
can vary over time [1,2]. Furthermore, with the advent of
genomic selection, elite bulls are being used at a younger
age and are typically only in demand for a short time, after
which they are surpassed by the next, genetically superior,
generation [3–5]. This intensive use and high-turnover rate
of artificial insemination (AI) sires leaves insufficient time
to assess the fertility status of a bull before widespread
use of his semen in the field [1]. This is especially true in
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seasonal grass-based production systems, such as those
operated in Ireland and New Zealand, where the breeding
season is condensed into approximately 3 months [6].
These issues may be exacerbated when sex-sorted (SS)
semen is used; even though quality control standards are
higher for semen entering the sex-sorting process, the low
number of sperm per straw (typically 2.1 million) leaves
little room to compensate for low-fertility bulls.
Artificial insemination centers have traditionally used
classical microscopy-based sperm assessment prethawing
and postthawing to assess motility, viability, and morpho-
logical parameters. While useful as quality control checks
for semen collection and processing procedures, such
parameters are limited in their usefulness to predict the
fertility of semen [1,7]. More technically advanced in vitro
techniques are constantly being pursued to assess sperm
physiology in an attempt to relate it to field fertility. Studies
have previously assessed parameters such as sperm
viability [8–11], membrane integrity [12], capacitation
status [9,10], acrosome status [8,9,13], mitochondrial ac-
tivity [11], IVF [14], sperm mucus penetration [15], and
chromatin/DNA integrity [9,16]. Despite a number of these
studies reporting correlations with field fertility, no single
in vitro assessment can reliably predict fertility indicating
the need for a multifactorial approach to this issue. In
support of this notion, a recent study by Sellem et al. [17]
reported that a combination of computer-assisted sperm
analysis and flow cytometric parameters could explain only
40% of the variation in sire conception rate. It is apparent
that additional tests are required.
Seminal plasma (SP) is a complex fluid containing a
wide range of energy substrates, buffers, electrolytes,
prostaglandins, amino acids, binding proteins, and lipids
[18–20] which is added to sperm during ejaculation [21].
During natural mating, SP helps to compensate for the
hostile environment in the female reproductive tract and
facilitates sperm transit toward the site of fertilization in
the oviduct [22]. It is also thought to be involved in the
regulation of sperm capacitation [23], sperm storage in the
reproductive tract [24] and the identification and immuno-
recognition of sperm by the female [24]. Contrasting
evidence from studies regarding the effect of SP on ram
sperm fertility has previously been reported. Both Maxwell
et al. [25] and Leahy and de Graaf [26] reported beneficial
effects of ram SP on in vitro parameters of both fresh and
frozen-thawed ram sperm. In contrast, O’Meara et al. [27]
reported no effect of SP from high- or low-fertility rams
on the fertility of frozen-thawed ram sperm. In bulls, SP has
previously been shown to negatively affect sperm motility
[28] as well as viability and acrosome integrity [29] in vitro.
Removal of cholesterol from the sperm membrane has
been reported to occur during collection of semen due
to the continuous exposure to bovine seminal plasma
proteins [30].
While there is significant variation in the composition
of SP between species [20], studies have also reported
significant variation between individual bulls [31], seasons
[32], and ages [33]. A small number of studies have indi-
cated that differing fatty and amino acid compositions of
SP between males may be an indicator of fertility. For
example, Am-in et al. [34] reported that SP from boars
with normal sperm motility had significantly greater do-
cosahexaenoic acid content compared to that from boars
with poor-sperm motility. Furthermore, SP from men of
apparently normal fertility had a lower arachidonic acid
and higher docosahexaenoic acid content compared with
infertile men [35]. Kumar et al. [36] identified citrate,
taurine, isoleucine, and leucine as fertility-associated me-
tabolites in bovine SP.
Most studies investigating in vitro predictors of fertility
have focused on non-sorted (NS) sperm, and it is unclear if
different parameters are required to predict the fertility of
sex-sorted semen. Thus, the aim of this study was to
correlate in vitro bull sperm functional parameters (exper-
iment 1) and SP composition (experiment 2) with preg-
nancy rates using two cohorts of bulls (NS and SS) with
varying pregnancy rates (NS range 35%–69%; SS range 28%–
58%).
2. Material and methods
2.1. Sample selection
A panel of Holstein Friesian bulls (n ¼ 14) whose semen
was commercially used in AI as NS (8 bulls; 39,366
inseminations) or SS (6 bulls; 1486 inseminations) was
selected according to their pregnancy rates taken from the
Irish national recording database which captures insemi-
nation, birth registration, and culling data. Bulls were
selected on the basis of the greatest difference between
pregnancy rates from a cohort of Holstein Friesian
bulls who were stationed in Ireland, had greater than 200
inseminations, and were still alive. Pregnancy rate was
defined as pregnancy to a given service identified retro-
spectively either from a calving event and/or where a
repeat service (or a pregnancy scan) deemed the animal not
to be pregnant to the said service [37,38]. Cows/heifers
which were culled or died on farm were omitted. Preg-
nancy rate ranged from 35% to 69% in the NS cohort and
28% to 58% in the SS cohort (Table 1).
Table 1
Pregnancy rates of bulls of varying fertility whose semenwas inseminated
into both cows and heifers as non-sorted (NS) or sex-sorted (SS) sperm.
Bull number Number of inseminations Pregnancy rate (%)















Mean  SEM. 55.9  4.59b 47.8  4.32
SEM, standard error of the mean.
a Bulls 7 and 8 were included for analyses in experiment 2 only.
b Mean pregnancy rate for NS cohort includes Bulls 7 and 8.
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2.2. Experimental design
2.2.1. Experiment 1: sperm functional assessments
The aim of this experiment was to assess the correlation
between a range of in vitro sperm functional parameters
and pregnancy rates after AI of NS (20  106 sperm per
0.25-mL straw; n¼ 6 bulls; bulls 1–6; Table 1) and SS (2.1
106 sperm per 0.25-mL straw; n¼ 6 bulls; bulls 9–14; Table
1) frozen-thawed sperm. In both the NS and SS cohort of
bulls, semen straws from a subset of ejaculates used to
generate the pregnancy rate data were used for the in vitro
assessments. Bulls used in this study were reared at two
different AI studs; all bulls were fed a diet of forage and
concentrates and were housed throughout the year in in-
dividual pens. Bulls ranged in age from 2 to 8 years and
were sourced from one of two AI companies; however, all
sex sorting was carried out in the same laboratory. Sex
sorting was carried out according to standard procedures
with a targeted purity for the X sperm fraction of 90%. Sex
sorting was performed on a high-speed flow cytometer at
40 psi with a 70-mm nozzle and vanguard laser set at
200 mW. The event rate was controlled between 20,000
and 21,000 events per second [39]. All samples underwent
prethaw and postthaw assessments of motility (3 of 5
mass motility score both prefreezing and postthaw),
viability (>70% prefreezing and >50% postthaw), and
sperm concentration (treatment dependant) as is standard
industry practice. Cryopreservation of sperm from both
cohorts was carried out using a Digitcool programmable
step down freezer (IMV Technologies, L’Aigle, France).
Straws were frozen to 140 C over a period of 7 minutes
and submerged into liquid nitrogen (196 C).
A minimum of three straws from each of three ejacu-
lates for each bull (n ¼ 9 straws per bull) were analyzed for
a range in vitro sperm functional assessments. These
included motility, viability, morphology, thermal stress
tolerance, hypo-osmotic swelling test (HOST), mitochon-
drial membrane potential (MMP), and acrosome integrity
(n ¼ 9 straws per bull). In addition, cleavage rate and
blastocyst development rate were assessed after IVF (n ¼ 9
straws per bull). Bulls 7 and 8 (Table 1) were not used in
this experiment due to logistical constraints. Detailed
description of methods can be found below.
2.2.2. Experiment 2: amino acid and fatty acid profile of
seminal plasma
The aim of this experiment was to characterize the fatty
acid and amino acid composition of SP and to assess
whether this could explain the variation in pregnancy rates
of bulls whose spermwas used as NS or X-SS (sex sorted for
X-chromosome bearing sperm) frozen-thawed sperm.
Further ejaculates were collected from the same bulls used
in experiment 1, with the addition of two bulls (Bulls 7 and
8 to the NS cohort; Table 1), at a commercial AI center using
an artificial vagina (n ¼ 3 ejaculates per bull) with a min-
imum interval of 3 days between collections. Only ejacu-
lates with a mass motility score of 3 out of 5 were used.
Each ejaculate was centrifuged at 4000 g for 10 minutes at
4 C, the SP was snap frozen in liquid nitrogen and stored at
80 C. Seminal plasma was subsequently analyzed for
amino acid and fatty acid composition by gas
chromatography mass spectrometry. See below for a
description of methods used.
2.3. Sperm functional assessments
All chemicals and reagents were sourced from Sigma
Aldrich (Wicklow, Ireland) unless otherwise stated. The SS
frozen semen media was a Tris-egg yolk buffer containing
6% glycerol and NS frozen semen was processed in a com-
mercial freezing media, BULLXcell (IMV Technologies).
2.3.1. Motility and thermal stress test
In experiment 1, motility was subjectively assessed by
placing a drop of semen (5 mL) on a prewarmed slide and
assessing 100 sperm under a phase contrast microscope
( 40). Motility was defined as the number of sperm
swimming in a linear fashion as a percentage of the total
population. The thermal stress test assessed the reduction
in motility of the sperm population after 3-hour incubation
(100-mL sample) at 37 C.
2.3.2. Morphology and hypo-osmotic swelling test (HOST)
Sperm morphology and osmotic swelling were assessed
using nigrosin-eosin staining (sperm:stain ratio of 1:1) as
described previously [40,41]. Abnormalities were separated
into two categories: (i) morphological abnormalities of the
head; and (ii) abnormalities of the neck and tail [42]. For
the HOST, swollen sperm were identified by a bent sperm
tail or a thicker swollen tail shaft caused by the osmotic
intake of surrounding fluids into the cell. These cells were
classified as having normal membrane integrity [43].
2.3.3. Acrosome integrity, viability, mitochondrial membrane
potential, and DNA fragmentation
Acrosomal integrity was assessed using the fluorescent
stain Alexa Fluor PNA 647 (Ex/Em 650/658; Life Technolo-
gies, Carlsbad, CA, USA) which fluoresces in the presence of
the enzyme acrosin which is exposed upon the loss of the
acrosomal cap. Alex Fluor PNA 647 was added to 500 mL of
sperm diluted to 300  105 sperm per mL in Biggers,
Whitten and Whittingham medium [44] to give a final
concentration of 6 mg/mL and incubated in the dark at 37 C
for 15 minutes. Propidium iodide (PI; Ex/Em 535/617 nm;
Life Technologies, Carlsbad, CA, USA) was then added to the
sample at a final concentration of 12 mM and incubated in
the dark for 5 minutes at 37 C [45,46]. Samples were
analyzed on a flow cytometer (Guava easyCyte 6HT2L,
Merck Millipore, Billerica, MA, USA) equipped with both a
Krypton (640 nm) and an Argon (488 nm) laser. Appro-
priate single color controls were prepared to establish the
respective fluorescent peaks of the individual stains. These
were used in conjunctionwith the forward scatter and side
scatter signals to discriminate sperm from debris. Fluores-
cent events were recorded using GuavaSoft (version 2.5;
Millipore, Billerica, MA, USA). All variables were assessed
using logarithmic amplification and 10,000 gated events
were captured for each sample. Presence of a reacted
acrosome was defined as the percentage of viable sperm
positive for Alexa Fluor PNA 647 (PI-/Alexa Flour PNA
647þ). All percentages were calculated as part of the total
gated population.
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In experiment 1, viability was assessed from the acro-
somal status assay (described above), calculated as the per-
centage PI negative sperm from the total gated population.
Mitochondrial membrane potential was assessed using the
fluorescent stain JC-1 (Ex/Em 514/529; Life Technologies,
Carlsbad, CA, USA). This single stain, excited by the Argon
Laser (488 nm), fluoresces both red and green to indicate
high and lowMMP, respectively. JC-1 was added to 500 mL of
sperm diluted to 300  105 sperm/mL in Biggers, Whitten
and Whittingham media to give a final concentration of
1.5 mM and incubated in the dark at 37 C for 5 minutes. In
the presence of high MMP, the probe fluoresces red due to
accumulation of the stain within the mitochondrial mem-
brane. The occurrence of a high MMP was measured by the
percentage of red fluorescent sperm in the gated population.
DNA fragmentationwas assessed using Acridine Orange,
which stains for chromatin integrity. When excited in the
presence of double stranded DNA it fluoresces green
(530  30 nm), and when excited in the presence of single
stranded DNA it fluoresces red (>630 nm). Sperm were
diluted to 1  106 sperm per mL in 1 mL of ice cold Buffer
Solution (0.1-M Tris, 0.15-M NaCl, and 0.001-M EDTA). This
sperm solution was then diluted in an acid detergent (1:2;
0.15-M NaCl, 0.08-N HCl, and 0.1% Triton 100; pH 1.2) on
ice. After 30 seconds 1.2 mL of staining solution was added
to the sperm-detergent solution (1:8). After a 3-minute
incubation, sperm were analyzed on the flow cytometer.
DNA fragmentation was measured by the percentage red
fluorescence in the total gated fluorescent population.
2.4. Oocyte retrieval and in vitro maturation, fertilization, and
embryo culture
In vitromaturation was carried out as described by [14].
Cumulus oocyte complexes (COCs) were aspirated from 2-
to 8-mm follicles from the ovaries of slaughtered cows and
heifers. Good quality COCs were matured in groups of 50 in
500 mL of TCM-199 supplemented 10 ng/mL epidermal
growth factor and 10% (vol/vol) fetal calf serum for 24 hours
at 39 C under 5% CO2 in air with maximum humidity.
Sperm concentration was assessed using a hemocy-
tometer and diluted to 2  106 sperm/mL in fertilization
medium. After maturation, COCs were washed twice in
fertilization media and transferred in groups of 50 into
four-well dishes containing 250 mL of fertilizationmedia. To
each well, 250 mL of fertilization medium (containing 2 
106 sperm per mL) was added to give a final concentration
of 1106 sperm permL. At 24 hours after the insemination,
presumptive zygotes were denuded of cumulus cells by
vortexing for 2 minutes in 2 mL of PBS. In vitro culture was
carried out in 25-mL culture droplets of synthetic oviduct
fluid under mineral oil. Oocyte cleavage was assessed on
Day 2 (48 hours after the insemination) and blastocyst
development was assessed on Days on 6, 7, 8, and 9.
2.5. Analysis of seminal plasma metabolites
Seminal plasma samples were thawed on ice before
analysis. Fatty acid extraction of thawed SP samples was
carried out according to Bender [47]. Briefly, 200 mL of
samplewas combinedwith 20 mL of 1mg/mL nonadecanoic
acid (C19:0) as an internal standard and extracted using a
1:2 mixture of chloroform:methanol. Extracts were derived
by methylation using methanolic BF3, and derivatives were
resuspended in 200 mL of hexane and analyzed on an Agi-
lent 7890A GC coupled with a 5975C MS with an Agilent
HP-5 ms 30 m 250 mm 0.25-mm column. Onemicroliter
of the sample was injected in splitless mode, and the initial
oven temperature of 70 C was raised to 220 C at 5 C/min,
held for 20 minutes, and then raised to 320 C at 20 C/min.
Amino acid analysis of the thawed SP samples were
carried out using the Phenomenex EZ:faast kit (Phenom-
enex, Cheshire, United Kingdom) as previously described
[48]. Briefly, 100 mL of sample was combined with 100 mL of
0.2-nM Norvaline as an internal standard. A solid-phase
extraction step was performed followed by derivatization
of the extracted amino acids to form chloroformates. The
samples were analyzed using a GC/MS system.
Compound identification and calibration was achieved
by comparison of peak areas for fatty acids and amino acids
with reference to known standards (Supelco 37 component
FAME mix; Sigma Aldrich, Ireland and EZ:Ffaast kit stan-
dards; Phenomenex) using Agilent Chemstation (software
version MSD E.02.00.493) and by comparison of their mass
spectra with those in the National Institute of Standards
and Technology Library version 2.0. For further details
please refer to Forde et al. [48].
2.6. Statistical analysis
Bull was used as the experimental unit throughout all
analyses. Data analysis was carried out using the Statistical
Package for the Social Sciences (SPSS software; version
20.0, IBM, Chicago, IL, USA). Data were examined for
normality of distribution and correlated with pregnancy
rates of corresponding bulls (Pearson correlation-
Parametric data; Spearman correlation-nonparametric
data). All results are reported as the mean  standard
error of the mean.
3. Results
3.1. Experiment 1: sperm functional assessments
Within the NS cohort of bulls, none of the in vitro pa-
rameters assessed were correlated with pregnancy rate
(P> 0.05). However, within the SS cohort both total motility
and viability were correlated with pregnancy rate (P< 0.05;
Table 2). The correlation between pregnancy rate and Day 6
blastocyst approached significance (P ¼ 0.08; Table 2).
Although it was not the primary aim of the experiment, it
should be noted that NS sperm exhibited higher motility
after thermal stress, higher osmotic resistance, higher MMP
and resulted in higher blastocyst development compared
with SS sperm (Table 2). In contrast, SS sperm exhibited
greater post-thaw viability than NS sperm (Table 2).
3.2. Experiment 2: amino acid and fatty acid profile of
seminal plasma
There was a wide range of amino acid concentrations in
SP between individual bulls (Table 3). Glutamic acid was
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the most abundant across all bulls followed by glutamine,
alanine, serine, and glycine. In the NS cohort of bulls,
isoleucine concentration in SP was correlated with preg-
nancy rate (r¼ 0.80; P< 0.05; Table 3), whereas correlation
with valine concentrations approached significance
(r¼ 0.63; P ¼ 0.09; Table 3). Within the SS cohort, glutamic
acid was correlatedwith pregnancy rate (r¼ 0.84; P< 0.05;
Table 3), whereas aminoisobutyric acid approached sig-
nificance (r ¼ 0.78; P ¼ 0.07; Table 3).
Docosahexanoic acid and palmitic acid were the most
abundant fatty acids in all SP samples (44.5 0.78% and
25.9 0.51% of total fatty acids, respectively; Table 4). There
Table 2
Correlations between in vitro sperm functional parameters and pregnancy rate in bulls of varying fertility whose spermwas used as non-sorted (NS) and sex-
sorted (SS) sperm.
Parameterb NS bulls (n ¼ 6a) SS bulls (n ¼ 6a)
Mean  SEM (%) Range (%) Correlation
coefficient (r)
P-value Mean  SEM (%) Range (%) Correlation
coefficient (r)
P-value
Pregnancy rate 54.2  1.75c 35.0–69.0 47.8  4.32 28.0–58.0
Total motility 58.9  1.31 54.0–62.7 NS NS 55.3  3.43 38.8–60.5 0.84 0.04
Motility post thermal stress 30.8  3.34 22.0–44.7 NS NS 12.8  2.35 6.8–23.5 NS NS
Normal cells 85.1  1.25 79.8–87.5 NS NS 89.3  0.76 85.8–91.0 NS NS
Cells showing
osmotic resistance
49.6  3.32 34.3–56.0 NS NS 30.1  1.38 23.6–33.3 NS NS
High-membrane potential 41.8  2.72 35.5–54.3 NS NS 20.1  0.95 17.8–24.2 NS NS
DNA fragmentation index 0.9  0.10 0.6–1.3 NS NS 0.9  0.04 0.7–1.0 NS NS
Acrosome reacted of viable 14.0  2.72 9.5–27.4 NS NS 22.7  3.99 13.8–39.5 NS NS
Viable 50.6  4.85 29.7–63.0 NS NS 81.4  1.28 75.4–84.6 0.80 0.05
Cleavage rate 73.5  2.69 64.9–80.8 NS NS 68.2  2.81 60.8–76.4 NS NS
Day 6 blastocyst rate 15.0  1.02 11.8–19.0 NS NS 6.6  0.92 4.4–9.7 NS NS
Day 7 blastocyst rate 30.4  1.62 25.9–37.4 NS NS 11.7  1.12 8.3–15.6 NS NS
Day 8 blastocyst rate 34.6  1.55 29.5–40.8 NS NS 16.0  1.29 12.7–20.4 NS NS
Day 9 blastocyst rate 36.2  1.77 30.8–43.3 NS NS 17.2  1.36 14.1–21.5 NS NS
SEM, standard error of the mean.
a Three replicates (straws) were assessed from each of three ejaculates for each bull.
b All parameters were correlated back to individual pregnancy rates; NS ¼ nonsignificant.
c Mean pregnancy rate for bulls 1 to 6 only.
Table 3
Correlations between the amino acid profile of seminal plasma and pregnancy rate of bulls varying in fertility whose spermwas used as non-sorted (NS) and
sex-sorted (SS) sperm.
Amino acida NS bulls (n ¼ 8b) SS bulls (n ¼ 6b)
Mean  SEM (mM) Range (mM) Correlation
coefficient (r)
P-value Mean  SEM (mM) Range (mM) Correlation
coefficient (r)
P-value
Alanine 2243.5  331.13 931.5–3392.3 NS NS 2117.5  277.23 1013.3–2953.4 NS NS
Sarcosine 26.2  3.73 10.4–39.0 NS NS 26.9  3.87 12.1–39.0 NS NS
Glycine 1153.7  101.37 687.9–1462.8 NS NS 1274.3  114.74 1016.3–1692.3 NS NS
a-aminobutyric
acid
54.8  8.56 23.9–92.6 NS NS 58.2  11.40 24.0–92.6 NS NS
Valine 177.9  7.59 141.4–204.7 0.63 0.09 166.7  14.91 110.9–212.5 NS NS
aminoisobutyric
acid
153.8  16.14 102.1–225.6 NS NS 153.2  14.67 104.3–195.9 0.78 0.07
Leucine 366.1  25.83 244.0–447.7 NS NS 331.6  31.12 238.0–427.2 NS NS
Isoleucine 98.2  4.84 80.6–117.8 0.80 0.02 90.2  8.25 61.3–118.3 NS NS
Threonine 238.7  19.91 151.7–312.8 NS NS 246.6  44.00 103.9–418.4 NS NS
Serine 1272.5  181.76 617.7–2175.8 NS NS 1233.8  131.87 723.8–1739.5 NS NS
Proline 100  13.64 51.4–157.8 NS NS 108.5  14.55 70.0–162.6 NS NS
Asparagine 66.9  7.13 48.7–111.9 NS NS 67.7  5.72 49.9–88.4 NS NS
Aspartic acid 591.7  48.59 398.1–734.6 NS NS 586.6  59.05 416.8–735.1 NS NS
Methionine 51.3  3.95 38.3–75.3 NS NS 46.8  2.91 38.2–57.4 NS NS
Glutamic acid 7984.0  552.81 7024.8–10,437.8 NS NS 8423.1  735.90 5485.7–10,704.9 0.84 0.04
Phenylalanine 65.7  4.69 53.5–94.8 NS NS 60.2  4.42 48.8–80.6 NS NS
Aminoadipic acid 33.6  5.55 15.3–53.6 NS NS 35.3  4.30 23.7–50.3 NS NS
Glutamine 2752.0  386.13 1693.4–4208.8 NS NS 3400.5  549.32 1435.3–5364.2 NS NS
Ornithine 124.9  11.80 67.0–183.4 NS NS 114.6  18.50 58.6–183.4 NS NS
Lysine 451.4  44.65 248.4–631.0 NS NS 411.7  54.57 249.5–631.0 NS NS
Histidine 299.5  26.80 165.7–395.0 NS NS 269.9  28.75 157.6–379.0 NS NS
Tyrosine 72.4  4.86 56.1–96.9 NS NS 67.3  3.61 60.0–83.1 NS NS
Tryptophan 28.9  2.51 20.0–40.2 NS NS 27.4  2.83 18.9–36.7 NS NS
NS, nonsignificant; SEM, standard error of the mean.
a All amino acid concentrations were correlated back to individual pregnancy rates.
b Three ejaculates were assessed for each bull.
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was a correlation between tricosylic acid (C23:0) concen-
tration and pregnancy rate for NS bulls (r ¼ 0.74; P < 0.05;
Table 4). Within the SS cohort, arachidic acid (C20:0) was
correlated with pregnancy rate, whereas elaidic acid
approached significance (r ¼ 0.82 and 0.74; P < 0.05 and
P ¼ 0.09, respectively; Table 4).
4. Discussion
Here, we describe the relationship between sperm
function, SP composition, and field fertility for two different
cohorts of nonrelated bulls whose semen was processed as
either NS or SS. The main findings of this study were that
both motility and viability of frozen-thawed SS sperm were
positively correlated with pregnancy rate. Interestingly, this
study has also identified correlations between certain SP
components and fertility for both NS (isoleucine and trico-
sylic acid) and SS (glutamic and aracidic acid) bulls.
It has been reported that male factors contribute to
approximately 40% of the infertility cases [49] and from
both this study and the published literature it is evident
that bull fertility is a multifactorial issue [50]. Given that NS
and SS sperm are subjected to very different processing
techniques, it is reasonable to hypothesize that in vitro as-
sessments of semen quality should be tailored to reflect
this. When taking into account physiological parameters
assessed, it is important to note that all ejaculates used
in this study were assessed for typical quality control
parameters (sperm concentration, motility, and viability)
at the AI centers and again at the sorting facility for the
SS cohort. However, in agreement with other studies
(see review by DeJarnette and Amann [1]) significant
variability persists in the subsequent pregnancy rates (NS:
35% to 69%; SS 28% to 58%), indicating that these quality
control parameters are limited in their ability to predict
fertility. The identification of spermmotility and viability as
SS fertility markers agrees with findings from previous
studies using NS sperm [9,51,52]. Motility and viability have
been described as compensable traits [53,54] and may
explain why these traits were positively correlated with
pregnancy rate for the SS but not the NS bulls, due to the
near 10-fold higher sperm concentration in the NS straws.
In addition, SS sperm represent a highly selected popula-
tion of sperm and thus its characteristics are likely to be
different to NS sperm.
This study also eludes to the different physiological
functional status of both SS and NS sperm as evident in
Table 2. Recent work by our group [55] and other studies
have shown that the sex sorting technique removes sources
of reactive oxygen species (ROS) such as leukocyte
contamination (human [56];) as well as immature and/or
morphologically abnormal sperm (bull [57]; and human
[58];), however, the stressors that sperm encounter during
the sorting process may have an adverse effect on the
longevity of sperm [59–61].
Seminal plasma can both stimulate and inhibit sperm
function; however, the in vitro processing of sperm can
disrupt this balance [26]. Although all ejaculates in this
study were collected over a similar time period, it is
important to highlight that SP analyses were from different
ejaculates to those used for insemination and were collected
at a different time of year. However, previous work in bulls
found that there was no difference in seminal plasma pro-
teolytic enzyme concentration, plasminogen activator,
Table 4
Correlations between the fatty acid profile of seminal plasma and pregnancy rate in bulls of varying fertility whose spermwas used as non-sorted (NS) and
sex-sorted (SS) sperm.
Fatty acida Lipid name NS bulls (n ¼ 8b) SS bulls (n ¼ 6b)
Mean  SEM (%) Range (%) Correlation
coefficient (r)




Tetradecanoic acid C14:0 0.84  0.088 0.45–1.18 NS NS 1.03  0.168 0.73–1.83 NS NS
Pentadecanoic acid C15:0 0.06  0.005 0.05–0.09 NS NS 0.06  0.005 0.04–0.07 NS NS
Palmitic acid C16:0 26.84  0.812 24.49–30.56 NS NS 24.96  0.986 20.67–27.64 NS NS
Myristic C17:0 0.25  0.012 0.18–0.29 NS NS 0.23  0.020 0.17–0.29 NS NS
Stearic acid C18:0 6.07  0.324 4.82–7.94 NS NS 7.42  0.701 4.45–9.15 NS NS
Arachidic acid C20:0 0.11  0.009 0.08–0.16 NS NS 0.11  0.015 0.08–0.17 0.82 0.04
Heneicosylic acid C21:0 0.02  0.003 0.01–0.03 NS NS 0.02  0.001 0.01–0.02 NS NS
Docosanoic acid C22:0 0.78  0.072 0.60–1.20 NS NS 0.69  0.083 0.46–0.92 NS NS
Tricosylic acid C23:0 0.12  0.014 0.06–0.17 0.74 0.04 0.11  0.027 0.06–0.22 NS NS
Lignoceric acid C24:0 0.53  0.046 0.35–0.78 NS NS 0.53  0.073 0.35–0.86 NS NS
Unsaturated fatty acids
Oleic acid C18:1n9c 11.17  1.000 8.04–16.99 NS NS 13.88  1.715 8.30–19.74 NS NS
Palmitoleic acid C16:1 0.16  0.022 0.10–0.29 NS NS 0.12  0.010 0.10–0.17 NS NS
Elaidic acid C18:1n9t 0.25  0.022 0.17–0.36 NS NS 0.25  0.020 0.21–0.31 0.74 0.09
Linoleic acid C18:2n6c 0.94  0.110 0.66–1.68 NS NS 1.16  0.177 0.62–1.68 NS NS
Arachindonic acid C20:4n6 0.63  0.051 0.46–0.80 NS NS 0.68  0.066 0.47–0.93 NS NS
C20:3n3 0.52  0.047 0.35–0.71 NS NS 0.6  0.122 0.27–1.13 NS NS
C20:2 0.10  0.015 0.07–0.19 NS NS 0.11  0.017 0.09–0.19 NS NS
C20:1 0.06  0.008 0.03–0.10 NS NS 0.06  0.005 0.04–0.07 NS NS
DHA C22:6n3 45.35  1.219 38.92–50.25 NS NS 43.06  2.100 37.66–49.03 NS NS
Ginkgolic acid C15:1 5.21  0.361 3.66–6.69 NS NS 4.91  0.457 3.62–6.50 NS NS
DHA, docosahexaenoic acid; NS, non-significant; SEM, standard error of the mean.
a All fatty acid concentrations were correlated back to individual pregnancy rates.
b Three ejaculates were assessed for each bull.
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throughout the year [62]. Within the NS cohort of bulls, the
amino acid isoleucine, which is converted to acetyl CoA
during production of ATP [63], exhibited a significant posi-
tive correlation with pregnancy rate. Together with valine
which in this study approached a significant positive cor-
relation with pregnancy rate, these amino acids have pre-
viously been reported to form hydrophobic pockets during
sperm protamination [64]. Isoleucine and leucine are also
responsible for delaying calcium uptake by ejaculated sperm
by altering active transport across the sperm plasma mem-
brane [65]. Therefore, it may be that greater concentrations
of these constituents positively affects pregnancy rate by
providing reserves during periods of stress. In contrast, in
the SS cohort of bulls, glutamic acidwas positively correlated
with pregnancy rates. Glutamic acid is amajor constituent of
glutathione which has been shown to prevent cellular
damage to cells caused by ROS and lipid peroxidation [66].
This is not surprising given the processing technique that SS
sperm underwent. Compared with NS sperm, which are
diluted in media almost immediately after ejaculation, the
ejaculates that underwent sorting were transported to the
sex-sorting center undiluted, meaning that spermwere in SP
for up to 2.5 hours before dilution. Therefore, it is logical that
different SP constituents would correlate to SS and NS
pregnancy rates due to the need for preservation of sperm
function, namely motility and viability, during initial pack-
aging processes. This extended period of SP incubation
incurred by the SS cohort may also explain the directional
change of the SP composition correlates, from mainly posi-
tive to negative, between the NS and SS cohorts indicating
cellular stresses with extended exposure to SP.Within the SS
cohort, this study also found that arachidic acid, a hydro-
genated form of arachidonic acid, correlated positively with
pregnancy rate. Arachidonic acid has previously been re-
ported to be involved in the cascade of caspase reactions
leading to apoptosis of stallion sperm [67] and has also
previously been positively correlated with capacitation and
acrosome reaction mechanisms with its release being a
marker of endogenous lipids degradation [68,69].
In conclusion, this study has identified markers of
sperm function and SP composition that were correlated
with the fertility of both NS and SS sperm highlighting the
need for differing fertility markers for NS or SS sperm.
Tailoring in vitro assessments to the different processing
types, rather than running general assessments across all
may help identify, in particular, bulls of low or below
average fertility. A larger scale study is required to validate
the markers of fertility identified in this study, preferably
using semen that can be tracked in the field on an ejaculate
by ejaculate basis.
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a  b  s  t  r  a  c  t
An unacceptable  proportion  of stallion  sperm  do  not  survive  the freeze-thaw  process.
The  hypothesis  of  this  study  was that  adding  cholesterol  to a  stallion  semen  extender
would  stabilise  the  sperm  membrane,  resulting  in  an  improved  post-thaw  semen  quality
in terms  of  increased  sperm  viability,  membrane  integrity  and  fluidity,  and  reduced  oxida-
tive stress.  Semen  was  collected  from  three  stallions  and diluted  in four  extenders:  TALP;
TALP +  0.75  mg  methyl--cyclodextrin–cholesterol  (MCD)/mL  (MCD0.75); TALP  + 1.5  mg
MCD-cholesterol/mL  (MCD1.5);  and  Equipro.  Following  15  min  incubation,  samples  were
centrifuged  and  diluted  to 100  ×  106 sperm/mL,  frozen  in 0.5  mL  straws  and  stored  in liquid
nitrogen.  Sperm  from  each  treatment  was  assessed  for progressive  linear  motility  (PLM)  and
acceptable  membrane  integrity  under  hypotonic  conditions  on  a phase  contrast  microscope
at 1000×  while  viability,  membrane  fluidity  and  superoxide  generation  were  assessed  by
flow cytometry.  The  MCD1.5 and MCD0.75 treatments  had  a greater  proportion  of  viable
sperm  than  the  TALP  treatment  (P < 0.01).  There  was  no  effect  of treatment  on  PLM  or  mem-
brane  integrity.  The  MCD1.5 treatment  had  a  greater  proportion  of  viable  sperm  positive
for membrane  fluidity  than  the  TALP  treatment  (P < 0.05).  The  MCD1.5 and  MCD0.75 treat-
ments  had a  lesser  proportion  of  viable  sperm  positive  for  superoxide  generation  than  the
TALP  treatment  (P < 0.001).  This study  has  demonstrated  that  adding  cholesterol  to stal-
lion sperm  prior  to cryopreservation  increases  post-thaw  viability,  with  these  viable  sperm
being  of  better  quality  in  terms  of increased  membrane  fluidity  and  reduced  superoxide
generation.
© 2014  Elsevier  B.V.  All  rights  reserved.
1. Introduction
Stallion semen does not survive the cryopreservation
process as well as other species (most notably the bull)
leading to significantly reduced conception rates follow-
ing insemination with frozen-thawed semen compared to
insemination with cooled semen (Sieme et al., 2003a). In
addition, approximately one third of all stallions produce
semen which is excessively damaged by the cryopreser-
vation process and thus are categorised as ‘poor freezers’.
The standard semen cryopreservation process requires
∗ Corresponding author. Tel.: +353 61 202548; fax: +353 61 331490.
E-mail address: sean.fair@ul.ie (S. Fair).
the diluted semen to be initially cooled to 5 ◦C and as
the temperature decreases the sperm undergo a mem-
brane lipid phase change, in which it transitions from
a liquid to a gel phase. Peak phospholipid transition is
thought to occur in stallion sperm at approximately 20 ◦C
(Parks and Lynch, 1992) due to the loss of a hydro-
gen bound water molecule from the phospholipid head,
increasing the van der Waals bonds between the lipid
acyl chains, providing a tighter packing of the phospho-
lipid bilayer (Crowe et al., 1990). This transition in stallion
sperm has been associated with an increase in reactive
oxygen species (ROS; Burnaugh et al., 2010), extracellu-
lar leakage of solutes (Drobnis et al., 1993), membrane
destabilisation (Amann and Pickett, 1987) and even cell
death.
0378-4320/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
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The process of freezing and thawing initiates an osmotic
response in sperm which is highly dependent on the per-
meability and fluidity of the cell membrane to both water
and cryoprotectants (Li et al., 2006). The membrane per-
meability of sperm to water is vital during the freeze-thaw
process, as upon thawing the extracellular ice melts and
cells are exposed to a hypotonic environment (Levin et al.,
1976). The addition of a cryoprotectant can change the
degree of water permeability exposing the cell to osmotic
stress, hence, the composition of the freezing extender is
essential for sperm survival (Hammerstedt et al., 1990;
Sieme et al., 2003b). Cryoprotectants can permeate the
sperm membrane causing shrinking and swelling of the
sperm as a result of the addition and removal, respectively.
Stallion sperm usually exhibit a lesser tolerance to osmotic
stress in comparison with bull sperm (Ball and Vo, 2001),
so upon thawing, the dilution of the cryoprotectant may
incur an excessive intake of water leading to membrane
damage or cell lyses (Guthrie et al., 2002). Therefore, the
greater the osmotic resistance of stallion sperm both pre-
and post-thaw, the greater the sperm quality and rate of
cryosurvival.
The cholesterol/phospholipid ratio is thought to be a
major influence on membrane fluidity during cryopreser-
vation. Cyclodextrins are cyclic oligosaccharides of glucose
containing a hydrophobic centre which can store lipids
(Klein et al., 1995). Incubation with cholesterol loaded
cyclodextrins prior to cryopreservation provides a greater
percentage of viable (Pamornsakda et al., 2011), membrane
intact (Moore et al., 2005) and both total and progressively
motile stallion sperm, compared to a non-cholesterol con-
trol (Hartwig et al., 2013, Madison et al., 2013). The use
of cyclodextrins can induce the addition (when they are
preloaded with cholesterol) or removal of cholesterol from
the plasma membrane of stallion sperm (Pamornsakda
et al., 2011), thus altering its membrane fluidity and
stability. Sperm from humans and rabbits have a high
cholesterol/phospholipid ratio in comparison with stal-
lions and do not experience excessive membrane damage
due to a severe temperature decline during cryopreser-
vation (Darin-Bennett and White, 1977). The addition of
1.5 mg  of cholesterol loaded cyclodextrin to stallion sperm
can increase this ratio from 0.36 to approximately 0.82
which is similar to values reported for human and rab-
bit sperm, resulting in reduced membrane damage during
cooling due to a reduced liquid to gel phase transition
temperature (Moore et al., 2005). Similarly, during thaw-
ing, the use of cyclodextrins to remove the membrane
bound cholesterol increased the reverse phase transition
temperature from 24 ◦C to 32 ◦C, again decreasing mem-
brane damage (Oldenhof et al., 2012). For bulls (Purdy and
Graham, 2004) and stallions (Hartwig et al., 2013), sperm
treated with cholesterol loaded cyclodextrin retained a
greater in vivo fertilising ability, in comparison with a non-
cholesterol loaded control.
While the effects of cyclodextrin loaded cholesterol on
the cryopreservation of stallion sperm has been previously
investigated, it remains to be elucidated how the addition
of cyclodextrin loaded cholesterol affects the post-thaw
quality of stallion sperm, in terms of membrane fluidity and
reactive oxygen species generation. The objective of this
study was  to assess the effect of the addition of methyl-
-cyclodextrin loaded cholesterol to stallion sperm on
a range of in vitro variables, namely; viability, PLM,
membrane integrity, membrane fluidity and superoxide
generation.
2. Materials and methods
2.1. Preparation of methyl-ˇ-cyclodextrin–cholesterol
Methyl--cyclodextrin (MCD; Sigma, Ireland) was
used to increase the solubility of non-polar cholesterol
(Sigma). MCD-cholesterol was  prepared by firstly adding
1 g of MCD to 2 mL  of methanol, and 200 mg  of cholesterol
was  added to 1 mL  chloroform. The chloroform/cholesterol
solution (450 L) was then added to the MCD/methanol
solution and mixed using a vortex until a clear solution
was  obtained. The solvents were removed by nitrogen
gas and the remaining crystals were stored at room
temperature. Prior to use 50 mg  of MCD-cholesterol
solution was  added to 1 mL  of tyrosine albumin lactate
pyruvate media (TALP; NaCl 100 mM,  KCl 10 mM,  MgCl2
2 mM,  sodium pyruvate 2.5 mM,  lactate 20 mM,  glucose
5.5 mM,  HEPES 20 mM,  CaCl2 2.1 mM,  bovine serum albu-
min  6 mg/mL), and incubated in a water bath at 37 ◦C until
use.
2.2. Experimental design
Semen from three Irish Sport Horse stallions of
proven fertility, ranging between 6 and 15 years of age,
was  collected during the breeding season at a com-
mercial stud using an artificial vagina. Two  ejaculates
were collected from each stallion with an interval of
3 days and on both collection days each ejaculate was
processed separately, providing a total of six ejacu-
lates. Following collection, the gel fraction was removed
and volume and progressive linear motility (PLM) were
assessed (as a quality control check; results not shown).
Sperm concentration was assessed using a haemocy-
tometer following which each ejaculate was split in
four and diluted to 120 × 106 sperm/mL in one of four
extenders, namely; TALP + 0 mg  MCD-cholesterol/mL of
extender (TALP); TALP + 0.75 mg  MCD-cholesterol/mL of
extender (MCD0.75); TALP + 1.5 mg  MCD-cholesterol/mL
of extender (MCD1.5); and Equipro extender (Equipro;
Minitüb, Germany). The samples were incubated for 15 min
at room temperature to allow for incorporation of the
MCD-cholesterol before centrifugation at 500 × g for
10 min  at 32 ◦C (Oliveira et al., 2010). The supernatant was
removed, sperm concentration was  re-assessed and was
diluted to 100 × 106 sperm/mL in Gent freezing extender
containing 5% glycerol (Minitüb, Germany) in 50 mL  cen-
trifuge tubes. These tubes were placed on a laboratory
roller and allowed to cool to 4 ◦C over 50 min  (0.56 ◦C/min).
Samples were then packaged into 0.5 mL  straws (Minitüb,
Germany), frozen to −110 ◦C over 20 min  (5.7 ◦C/min) in
a programmable freezer (Kryo 10 Series III, Planer Prod-
ucts Ltd., UK), followed by immersion and storage in liquid
nitrogen until use.
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2.3. Assessment of viability and progressive linear
motility
Viability of frozen-thawed stallion sperm (n = 18 straws
per treatment) was assessed using flow cytometry, in
conjunction with the assessment of superoxide genera-
tion (details below). PLM of frozen-thawed stallion sperm
(n = 18 straws per treatment) was assessed using a phase
contrast microscope (CX41; Olympus, USA) at a magnifica-
tion of 1000×. A droplet of semen (10 L) was placed on
a pre-warmed slide, covered with a pre-warmed coverslip
and assessed by counting 50 motile sperm for each treat-
ment. PLM is expressed as the percentage of live and motile
sperm which displayed forward progressive linear motility.
2.4. Assessment of membrane integrity
Sperm membrane integrity was assessed using the
hypo-osmotic swelling test (HOST). For the HOST, a sample
of frozen-thawed sperm (50 L; n = 18 straws per treat-
ment) was incubated in a 50 mOsm sucrose solution for 1 h
at 37 ◦C before being added to the nigrosin–eosin stain in a
1:1 ratio. Following a further incubation at 37 ◦C for 30 s, a
smear was prepared on a glass slide and allowed to dry on
a heated stage. Sperm were viewed under a phase-contrast
microscope at a magnification of 1000× and an average of
three counts was taken, where 100 sperm were assessed
for swelling in each count. Sperm membranes which swell
under hyposmotic conditions, as identified by tail bending,
were classified as having normal membrane integrity and
functional ability (Jeyendran et al., 1984).
2.5. Assessment of membrane fluidity and superoxide
generation
Straws from each treatment were thawed and washed
twice in 5 mL  of phosphate buffered saline (PBS) at 500 g for
10 min  at 32 ◦C and subsequently re-suspended in phos-
phate buffered saline (PBS; 500 L). The apoptotic stain
Yo-Pro-1 (Life Techologies, USA) was added to give a final
concentration of 50 nM and incubated for a further 10 min.
Following the incubation period, to assess membrane flu-
idity (Rathi et al., 2001; n = 12 straws per treatment), the
fluorescent probe merocyanine 540 (M540; Sigma, Ireland)
was added to the washed sample (2 × 106 sperm/mL) to
give a final concentration of 10.8 M and incubated in the
dark for 15 min  at 37 ◦C. Samples were then washed in PBS
to remove excess stain and analysed on a flow cytometer
(BD-LSR 1, BD Biosciences, USA). The flow cytometer was
furnished with a 488 nm argon-ion laser. Fluorescence of
Yo-Pro 1 was read with the FL1 photodetector (530/26 nm
BP filter) and M540 with the FL2 photodetector (575/26 nm
BP filter). Appropriate single colour controls were prepared
to establish the respective fluorescent peaks of the individ-
ual stains. These were used in conjunction with the forward
scatter (FSC) and side scatter (SSC) signals to discrimi-
nate sperm from debris. Fluorescent events were recorded
using CellQuest Pro (version 3.7; BD Biosciences, USA) and
all variables were assessed using logarithmic amplifica-
tion. For each sample, 10,000 gated events were captured
at approximately 200 events per second. High membrane
fluidity was defined as the percentage of viable cells pos-
itive for M540. All percentages were calculated as part of
the total gated sample.
Superoxide generation (n = 18 straws per treatment) has
previously been detected in both human and bull sperm
using the fluorescent probe MitoSOX Red (Aitken et al.,
2013; Kiernan et al., 2013; Life Techologies, USA). This
method was  executed as above with the exception of a
15 min  incubation period at 37 ◦C with MitoSOX Red to
give a final concentration of 2 M and a further 15 min
incubation with the dead stain Sytox Green (Life Techolo-
gies, USA) to give a final concentration of 0.5 M and
analysed on the flow cytometer (Kiernan et al., 2013) as
above. Fluorescence of Sytox Green was  read with the FL1
photodetector and MitoSOX Red with the FL2 photodetec-
tor (Fig. 1). Viability was  defined as a percentage of the
Sytox Green negative events while superoxide generation
were defined as the percentage of viable cells positive for
MitoSOX Red.
2.6. Statistical analysis
Data were examined for normality of distribution,
tested for homogeneity of variance, transformed where
appropriate and analysed using the general linear model
univariate procedure in Statistical Package for the Social
Sciences (SPSS, Version 20.0; IBM, USA). Data from HOST
were transformed using a square root transformation
and membrane fluidity data using a power transforma-
tion (lambda = 2). The final statistical model employed,
included the main effects of treatment, stallion and treat-
ment × stallion interactions. Post hoc tests were conducted
using the Bonferroni test and results are reported as the
mean ± the standard error of the mean (s.e.m.).
3. Results
3.1. Effect of MˇCD–cholesterol on post-thaw PLM and
viability
There was  no effect of treatment or treatment × stallion
interaction on post-thaw PLM (P > 0.05), with MCD1.5,
MCD0.75 and TALP reporting PLM values of 39.1 ± 2.6%,
46.0 ± 2.2% and 37.6 ± 2.9%, respectively. There was an
effect of treatment on viability (P < 0.001), with the
MCD1.5 and MCD0.75 treatments having greater viability
than the TALP treatment (P < 0.001; Fig. 2). In addition, the
MCD1.5 treatment had a greater proportion of viable cells
than the Equipro treatment (P < 0.01). There was  a treat-
ment × stallion interaction (P < 0.05) which was  manifested
by sperm from Stallion B having a greater post-thaw viabil-
ity in the MCD1.5 treatment compared to Stallion A in the
same treatment (P < 0.05; Fig. 3), while, Stallion A had an
greater viability in the MCD0.75 treatment in comparison
with all other treatments (P < 0.05).
3.2. Effect of MˇCD–cholesterol on membrane integrity
Adaptation and survival of frozen-thawed stallion
sperm in hypotonic media was  assessed using the HOST.
There was no effect of treatment or treatment × stallion on
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Fig. 1. Fluorescence dot plot and univariate histograms showing the distribution of MitoSOX Red and Sytox Green fluorescence in stallion sperm as deter-
mined  by flow cytometry. The population of sperm was identified based on forward/side scatter variables and discriminated from debris. The fluorescence
dot  plot (a) reports the sperm population positive for MitoSOX Red and Sytox Green, and unstained sperm which is negative for both probes. The uni-
variate  histogram (b) represents a MitoSOX Red single colour control and displays the proportion of negative (unstained) and positive events for MitoSOX
Red  fluorescence in the FL2 detector. The univariate histogram (c) represents a Sytox Green single colour control and displays the proportion of negative
(unstained) and positive events for Sytox Green fluorescence in the FL1 detector.
Fig. 2. Effect of methyl--cyclodextrin–cholesterol (MCD) concentra-
tions on stallion sperm post-thaw viability, as determined by flow
cytometry using the fluorescent probe Sytox Green. Subscript numbers
represent the concentration of MCD in mg/mL  of extender. Vertical bars
represent s.e.m. abc represents significant differences between treatments
(P  < 0.01).
membrane integrity following the HOST, however, there
was an effect of stallion (P < 0.001) with Stallion A having
a lesser proportion of sperm with intact membranes than
Stallions B and C (P < 0.01).
3.3. Effect of MˇCD–cholesterol on membrane fluidity
There was no effect of stallion or treatment × stallion
interaction on membrane fluidity (P < 0.05), however there
Fig. 3. Effect of methyl--cyclodextrin–cholesterol (MCD) on sperm
post-thaw viability of individual stallions, as determined by flow cytome-
try using the fluorescent probe Sytox Green. Subscript numbers represent
the  concentration of MCD in mg/mL of extender. Vertical bars represent
s.e.m.
was  an effect of treatment (P < 0.05; Fig. 4). The MCD1.5
treatment had a greater proportion of live sperm displaying
a greater membrane potential compared to the TALP treat-
ment (P < 0.05). The MCD0.75 treatment also ranked higher
than TALP and this approached significance (P = 0.07).
3.4. Effect of MˇCD–cholesterol on superoxide generation
There was  no effect of stallion or treatment × stallion
on superoxide generation. However, there was an effect
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Fig. 4. Effect methyl--cyclodextrin–cholesterol (MCD) on stallion
sperm membrane fluidity post thawing, as determined by flow cytometry
using the fluorescent probe Merocyanine 540 (M540). Subscript numbers
represent the concentration of MCD in mg/mL of extender. Vertical bars
represent s.e.m. abc represents differences between treatments (P < 0.05).
Fig. 5. Effect of methyl--cyclodextrin–cholesterol (MCD) on superox-
ide  generation in stallion sperm post-thawing, as determined by flow
cytometry using the fluorescent probe MitoSOX Red. Subscript numbers
represent the concentration of MCD in mg/mL of extender. Vertical bars
represent s.e.m. abc represents differences between treatments (P < 0.01).
of treatment (P < 0.001), with the MCD1.5 and MCD0.75
treatments having a lesser proportion of viable sperm pos-
itive for superoxide generation than the TALP treatment
(P < 0.001; Fig. 5). In addition, the MCD1.5 treatment also
displayed a lesser proportion of viable sperm which were
positive for superoxide than Equipro (P < 0.01).
4. Discussion
The present study has collectively evaluated the effects
of the in vitro addition of MCD–cholesterol on sperm
membrane integrity, membrane fluidity and superoxide
generation in cryopreserved stallion sperm, thus providing
a novel insight into the physiological mechanisms of the
action of MCD–cholesterol. The main findings were that
frozen-thawed stallion sperm in the MCD–cholesterol
treatments; retained a greater proportion of viable sperm,
but not PLM or membrane integrity, and these viable sperm
had improved membrane fluidity and lower superoxide
generation in comparison to the non-cholesterol con-
trol (TALP). Futhermore, the 0.75 mg  MCD–cholesterol
treatment exhibited a greater sperm viability post-thawing
and lesser superoxide generation in comparison with the
commercial extender control (Equipro).
Previous studies have reported that cholesterol treated
stallion sperm had improved motility and viability post-
cryopreservation (Combes et al., 2000; Spizziri et al., 2010),
however, Oliveira et al. (2010) found that this was  not the
case for PLM. While the current study found that choles-
terol treated stallion sperm had similar progressive linear
motility to the non-cholesterol control sperm, it supported
the finding that viability was  improved post-thaw, indi-
cating that cholesterol plays a protective role in keeping
the stallion sperm membrane intact during cryopreserva-
tion (Oliveira et al., 2010). Stallions which tend to have
sperm with poor cryo-survival rates have previously been
found to benefit more from cholesterol treatment (Moore
et al., 2005) and all cholesterol-treated stallion sperm in
the current study had an improved viability post-thaw
compared to the non-cholesterol control, however, some
stallion sperm benefited more from cholesterol treatment
than others. Similarly, lines in mice that produced sperm
that resulted in reduced in vitro fertilisation (IVF) rates and
a reduced cholesterol releasing ability following cryopres-
ervation, were found to benefit from cholesterol treatment,
both in terms of cholesterol efflux and IVF success (Takeo
et al., 2008).
Cholesterol treatment has previously been found to
extend the osmotic tolerance of stallion sperm in both hypo
and hypertonic media, increasing membrane integrity
(Glazar et al., 2009). Previous studies have found that mem-
brane integrity can be susceptible to a decrease during
cryopreservation (Neild et al., 2003), hence, it is neces-
sary to negate these negative effects before cooling and
commencement of the phase transition. In hypotonic con-
ditions, an increase in the osmotic tolerance of stallion
sperm is linked to the phospholipid bilayer composition
(Pommer et al., 2002). However, results of the present
study indicate the osmotic tolerance of stallion sperm does
not change, irrespective of cholesterol treatment. This may
be attributable to the fact that the membrane integrity
test was  conducted at a lower osmolarity of 50 mOsm
compared to 75 mOsm in Glazar et al. (2009). Therefore,
cholesterol treatment may  not have an effect on the mem-
brane integrity of stallion sperm, under 75 mOsm.
In the current study, incubation with cholesterol
resulted in a greater proportion of viable sperm with
increased membrane fluidity compared to the non-
cholesterol control. Glazar et al. (2009) found that
cholesterol also improved the osmotic tolerance of stallion
sperm, increasing membrane permeability to water and
cryoprotectants. Therefore, this reduces cellular osmotic
damage, leading to increased membrane fluidity during
cooling and improved sperm survival following cryopres-
ervation. Sperm treated with cholesterol in the current
study were found to be of a greater post-thaw quality
in comparison with a non-cholesterol control. However,
the commercial control differed to the 1.5 and 0.75 mg
MCD–cholesterol treatments in terms of superoxide gen-
eration and post-thaw viability, respectively, suggesting
that the inclusion of cholesterol to commercial stallion
sperm extenders prior to cryopreservation may  prove
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beneficial. The optimum loaded cholesterol concentration
in stallion sperm ranges between 0.75 and 1.5 mg/mL
(Combes et al., 2000; Moore et al., 2005; Pamornsakda et al.,
2011). Although limited in the number of stallions used, the
present study demonstrates that individual stallions can
benefit from varying concentrations within this range. It
may  be that at their respective optimum concentrations,
stallion sperm can obtain a peak cholesterol/phospholipid
ratio, leading to greater membrane fluidity and reduced
ROS formation (Megli et al., 2011).
Stallion sperm are capable of generating ROS, by a mech-
anism including an NADPH oxidase pathway (Ball et al.,
2001), which mainly generates superoxide that dismutates
spontaneously or by interaction with superoxide dismu-
tase to form hydrogen peroxide (Aitken et al., 1992). While
low concentrations of ROS are necessary for normal sperm
function in humans such as; capacitation (de Lamirande
and Lamothe, 2009), hyper-activation (de Lamirande and
Gagnon, 1993), acrosome reaction (Griveau et al., 1995) and
fertilisation (Aitken et al., 1998), high concentrations have
been found to be detrimental to stallion sperm function
(Baumber et al., 2000). When stallion sperm are exposed
to anisosmotic environments, such as when stored in cry-
oprotectants, there is increased superoxide generation;
especially when sperm have a lower osmotic tolerance
(Burnaugh et al., 2010). In hyposmotic conditions, phos-
pholipase A2 is released during a signalling cascade and
its products are capable of activating the stallion sperm
enzyme NADPH oxidase 5 (NOX 5), which is thought to
be responsible for superoxide generation (Sabeur and Ball,
2007). If superoxide concentrations are too great there will
be a more rapid catalysis of superoxide to hydrogen per-
oxide, and greater concentrations of endogenous ROS can
be detrimental to stallion sperm in terms of increased lipid
peroxidation (Baumber et al., 2000) and DNA fragmenta-
tion (Baumber et al., 2003). The present study shows that
when stallion sperm are treated with cholesterol a lesser
proportion of viable sperm experience superoxide genera-
tion, compared to a non-cholesterol control, demonstrating
that the cell experiences less damage during the cryopres-
ervation process.
CLC-treated stallion sperm have an increased binding
to the zona pellucida, compared to control sperm (Moore
et al., 2005; Spizziri et al., 2010), which is thought to occur
due to a greater post-thaw sperm quality. In vivo fertility
trials report the opposite effect as although CLC treated
stallion sperm is generally of a greater quality, lesser
pregnancy rates were recorded in comparison with insem-
ination with non CLC treated sperm (Zahn et al., 2002).
The reason why a greater sperm quality would not lead
to a greater in vivo fertility remains to be elucidated; how-
ever, there are two hypotheses for this. Previously, it has
been shown that bound cholesterol is lost from the stallion
sperm plasma membrane during cryopreservation leading
to increased protein tyrosine phosphorylation (Pommer
et al., 2003). This loss can contribute to “pre-mature”
sperm capacitation due to a decrease in the stability of
the membrane. After CLC treatment, a greater cholesterol
content was maintained, extending the time required for
capacitation and acrosome reaction (Zahn et al., 2002),
hence, the sperm may  not capacitate or undergo the
acrosome reaction within the time frame necessary for
oocyte fertilisation (Spizziri et al., 2010). Secondly, it is
thought that CLC treatment could change the structure of
the sperm membrane, removing or possibly redistributing
membrane bound phospholipids, and interact with mem-
brane proteins (Zidovetzki and Levitan, 2007), altering the
mechanisms by which sperm interact with the female
reproductive tract (Mocé et al., 2010). If CLC treated sperm
could be manipulated to give similar in vivo results to
control sperm, this would be a more viable option for
frozen-thawed AI as CLC treated sperm are of a greater
quality post-thaw, allowing for males which do not cry-
opreserve well to be better incorporated into breeding
programmes.
In conclusion, the present in vitro study has identified
that treatment with MCD–cholesterol had a significant
effect on increasing the post-thaw viability of stallion
sperm, with these viable sperm being of an enhanced qual-
ity, in terms of increased membrane fluidity and reduced
superoxide generation. Further research must be con-
ducted in terms of a field fertility trial to establish definite
protocols and optimum cholesterol concentrations for each
stallion in a breeding programme to ensure frozen-thawed
sperm from all stallions is of a suitable quality, thus max-
imising pregnancy rates.
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Abstract. In Ireland, liquid bull semen is stored at unregulated ambient temperatures, typically at 5 106 spermatozoa
per dose, and inseminated within 2.5 days of collection. In Experiment 1, the effect of storage temperature (5, 15, 22, 328C
and fluctuations (Flux) between these temperatures) on progressive motility, viability, acrosomal status, DNA
fragmentation and osmotic resistance was assessed. In Experiment 2, the field fertility of liquid semen at 5, 4 and
3 106 spermatozoa per dose, up to Day 2 after collection, was assessed in comparison to frozen–thawed semen at
20 106 spermatozoa per dose (n¼ 35 328 inseminations). In Experiment 1, storage at 158C resulted in the highest
progressive motility (P, 0.01). The osmotic resistance of spermatozoa declined with duration of storage; however, after
Day 3 this decline was reduced in the 58C and Flux 158C treatments (P, 0.01). In Experiment 2, the non-return rate of
liquid semen stored at 4 and 3 106 spermatozoa per dose on Day 2 of storage was reduced in comparison to frozen–
thawed semen (P, 0.01). In conclusion, liquid semen is versatile between storage temperatures of 5 and 228C, but
demonstrates reduced fertility on Day 2 of storage at lower sperm numbers in comparison to frozen–thawed semen.
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Introduction
The abolition of milk quotas within the European Union has
resulted in Ireland setting a target of a 50% increase in dairy
outputs by the year 2020 (Department of Agriculture 2010).
Seasonal grass-based dairy production systems, such as those in
Ireland and New Zealand, are dependent on compact calving at
the start of the grass-growing season in order to maximise milk
production from cheap grass (Dillon et al. 1995). During the
period from the 1970s through to the late 1990s, dairy produc-
tion systems focussed heavily on single-trait selection for milk
production, which was associated with a dramatic decrease in
reproductive performance (Pryce et al. 1997;Walsh et al. 2011).
To combat this decline, the Economic Breeding Index (EBI;
Berry et al. 2005)was established in Ireland in 2001with the aim
of providing a profit index to farmers, enabling them to select
elite sires to breed replacement heifers with increased milk
solids per lactation, increased reproductive performance and
improved health traits. A key component of the EBI is the fer-
tility sub-index, which is based primarily on calving interval and
cow survival rates, and accounts for,35%of the total EBI (Irish
Cattle Breeding Federation 2014).
In the IrishAI industry, a standard liquid semen dose contains
5 106 spermatozoa, in comparison with 20 106 spermatozoa
per dose for frozen–thawed semen (Al Naib et al. 2011a,
2011b), allowing accelerated genetic gain through intensive
sire utilisation. Conversely, liquid semen in New Zealand is
diluted to ,1.25 to 2 106 spermatozoa per dose and similar
non-return rates (NRR) of 65 to 73% have been reported
(Vishwanath et al. 1996; Xu 2014). A definitive sperm concen-
tration for liquid semen, capable of achieving consistently high
pregnancy rates, has yet to be determined. Previous in vitro
studies have reported that higher sperm numbers during liquid
storage resulted in decreased viability and osmotic resistance
(Prathalingam et al. 2006) and increased oxidative stress (Murphy
et al. 2013), which may negatively impact fertility. Regardless
of sperm number, low-dose liquid semen is advantageous for
young genomically selected sires, which, although in high
demand, produce a low volume of semen. In addition, liquid
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semen doses do not have to be held in quarantine for 28 days,
unlike frozen–thawed semen (Bailey et al. 2000; Irish Statute
Book 2004), which, during the peak breeding season, is critical
for AI companies to maximise the sale of semen from elite bulls.
The main disadvantage of liquid semen is that it has a finite
fertile lifespan (Vishwanath and Shannon 2000) of 2.5 to 3 days
and is routinely discarded after this point due to concerns over
declining fertility rates, despite a retention of sperm motility
when stored in an egg yolk-based diluent (Vishwanath and
Shannon 1997).
Liquid semen accounts for 5%of the total AI usagewithin the
Irish dairy industry; however, during the peak breeding season
from mid-April to May this can rise to 25% (Al Naib et al.
2011b). Liquid semen doses in Ireland are stored at an unregu-
lated ambient temperature, with straws transported and stored in
thermo-insulated containers to reduce natural day-to-night tem-
perature fluctuations. Previous studies assessing the effects of
temperature have stored spermatozoa at constant temperatures
(Shannon and Vishwanath 1995; Vishwanath et al. 1996;
Thijssen et al. 2014); therefore, the effects of temperature
fluctuations on sperm function during liquid storage are yet to
be determined. The optimum temperature range for liquid-
stored bull semen is considered to be 18 to 248C (Vishwanath
and Shannon 2000) when purged in nitrogen gas so as to reduce
metabolic activity (Shannon 1965). Metabolic activity of sper-
matozoa is also reduced during storage at 58C and this reduction
may extend the fertile lifespan of the spermatozoa. One disad-
vantage of storing spermatozoa at 58C is that the activity of the
sodium–potassium pump has been reported to decrease, raising
the intracellular levels of sodium to cytotoxic levels (Sweadner
and Goldin 1980). Therefore, the objectives of this studywere to
investigate: (1) the in vitro effects of storage temperature on
sperm function during liquid storage, (2) the in vivo effects of
lowering the sperm number of liquid semen doses on NRR and
(3) the effect of cow characteristics, namely parity number,
breed, cow fertility sub-index and days open, with respect to
sperm number, on NRR.
Materials and methods
Experimental design
Experiment 1 – the effects of temperature on sperm
function during liquid storage
Liquid semen is used from mid-April to the end of May in
Ireland and straws are typically stored in insulated containers in
the trunk of a car. The aim of a preliminary experiment was to
establish the temperature fluctuations to which liquid semen is
typically exposed during transit. Temperature was recorded
every 5min over a 24-h period (n¼ 22 replicate days; Fig. 1)
using a data logger (TI-84 Plus; Texas Instruments, Dallas, TX,
USA), which was stored under the same conditions as liquid
semen straws. Results from the data loggers were compiled and
used as reference points when deciding in vitro experimental
temperature storage conditions. The minimum and maximum
temperatures recorded were 6.48C and 27.98C, respectively.
Semen was collected from Holstein–Friesian (n¼ 18),
Norwegian Red (n¼ 1), Belgian Blue (n¼ 5), Limousin (n¼ 4),
Aberdeen Angus (n¼ 3), Hereford (n¼ 1) and Charolais (n¼ 1)
bulls at a commercial AI centre (11 collections with three bulls
per collection; collection¼ replicate). Sperm concentration was
assessed and the ejaculate was diluted in a 5% egg yolk
Caprogen diluent (Vishwanath and Shannon 2000) to a final
concentration of 10 (T10), 5 (T5), 1 (T1) and 0.5 (T0.5) 106
spermatozoa per 0.25-mL insemination dose (IMV Technolo-
gies, L’Aigle, France). Semen from each bull was kept separate
and ejaculates were split such that each bull was represented in
each treatment. After packaging, straws were stored at one of
seven temperature conditions: 58C, 158C, 228C, 328C, Flux
158C, Flux 228C or Flux 328C. Flux treatments were designed
in an attempt to mimic day–night temperature fluctuations. In
order to allow a gradual temperature fluctuation, straws were
placed in a waterproof container, submerged in water and
incubated at their respective temperature condition during the
day (i.e. 15, 22 or 328C) and at 58C at night, in a temperature-
controlled container. Samples from the different temperature
treatments were assessed in a randomised sequence to remove
bias as a result of sampling order. Sperm function was assessed
in vitro on Days 0, 1, 3 and 5 after collection (Day 0¼ 2.5 h after
collection) for total progressive motility and viability (n¼ 11
replicates), acrosomal status and DNA fragmentation (n¼ 5
replicates) and osmotic resistance (ORT; T10 only due to
logistical constraints; n¼ 8 replicates). Within each replicate,
on each assessment day, one straw from each bull (n¼ 3) for
each of the sperm number treatments (n¼ 4) that were each
stored in different temperature treatments (n¼ 7) was assessed;
a total of 84 straws per assessment day.
Experiment 2 – the effects of reducing the sperm number
per AI dose of liquid bull semen on field fertility
In a preliminary experiment, a retrospective analysis of
60-day NRR data from the 2012 and 2013 breeding seasons,


























































































Fig. 1. The mean temperature within an unregulated insulated portable
semen container stored in a car trunk, assessed every 5min over a 24-h
period (n¼ 22 replicate days). Vertical bars represent s.e.m.
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(ICBF) database, was performed. Liquid semen (5 106 sper-
matozoa per dose), used onDay 1 andDay 2 after collection, and
frozen–thawed semen (20 106 spermatozoa per dose) were
compared. NRR data were extracted from the ICBF database.
Also, ejaculates were not split and, hence, frozen–thawed and
liquid semen doses were processed from different ejaculates
from the same bulls.
In Experiment 2, a binary outcome power test (Blackwelder
1982) was conducted and indicated that 1966 cows were
required per sperm number treatment per day to significantly
detect a 5% difference in NRR. Semen was collected from six
Holstein–Friesian bulls (denoted A to F) at a commercial AI
centre from mid-April to May 2014. There were 9 collection
days in total, with two bulls used per collection (total of 18
ejaculates). Each acceptable ejaculate was assessed for concen-
tration using a Coulter counter (Z Series; Beckman Coulter,
Brea, CA, USA), split into three appropriate divisions (calcula-
tion was based on ejaculate concentration and volume) and
diluted to 5, 4 and 3 106 spermatozoa per 0.25-mL insemina-
tion dose (IMV Technologies) in Caprogen diluent. As a quality
control check semen doses were evaluated for concentration
using a haemocytometer and a maximum fluctuation of
 0.4 106 spermatozoa per dose was recorded for each sperm
number treatment (results not shown). Frozen–thawed semen
stored at 20 106 was sourced from previously frozen ejacu-
lates from the same bulls and inseminated during the same time
period as the liquid semen doses (Fig. 2). Each batch of liquid
semen was clearly labelled, stored at ambient temperature in
insulated containers and distributed on the day of collection for
insemination on Day 1 and 2 after collection, into both heifers
(n¼ 1203) and multiparous (n¼ 34 125) dairy cows.
In vitro assessments conducted in Experiment 1
Total progressive motility
Total progressive motility was assessed using a phase-
contrast microscope (CX31; Olympus, Centre Valley, PA,
USA) at a magnification of 400. A droplet of semen (5mL)
was placed on a pre-warmed slide, covered with a pre-warmed
coverslip and assessed by counting 50 spermatozoa in total,
recording the number of progressively motile spermatozoa.
Total progressive motility was expressed as the percentage of
progressively motile spermatozoa in the total sperm population.
Assessment of viability
Viability was assessed using two fluorescent probes: a
nucleic acid probe, SYTO 16, and a non-viable cell probe,
propidium iodide (PI; Life Technologies, Carlsbad, CA, USA).
Spermatozoa were diluted to,0.5 106 spermatozoa mL1 in
Biggers Whitten Whittingham (BWW) medium. SYTO 16 was
then added to a final concentration of 100 nM and incubated at
328C in the dark for 10min. Subsequently, PI was added at a
final concentration of 15 mM and incubated for a further 5min.
Post incubation, samples (200mL) were transferred to a 96-well
microplate (Corning Inc., Corning, NY, USA) and analysed on a
flow cytometer (Guava EasyCyte HT; Merck Millipore,
Billerica, MA, USA) furnished with a blue 488-nm laser and a
red 640-nm laser. SYTO16was readwith the FL1 photodetector
(525/30 nm band-pass (BP) filter) and PI was read with the FL2
photodetector (583/23 nm BP filter). Appropriate single-colour
controls were prepared to establish the respective fluorescent
peaks of the individual probes, which were used in conjunction
with the forward scatter (FSC) and side scatter (SSC) signals to
discriminate cells from debris. Fluorescent events were
recorded using Guavasoft software (Version 2.7; Merck Milli-
pore) and variables were assessed using logarithmic amplifica-
tion. In each sample, 10 000 gated events were captured at,200
events s1. The percentage of viable cells was expressed as the
percentage of cells positive for SYTO 16, but negative for PI.
Assessment of acrosomal status
Acrosomal status was assessed solely in the 58C and 158C
treatments due to logistical constraints, by first incubating
spermatozoa with SYTO 16 and PI, as described above, fol-
lowed by a subsequent incubationwithAlexa Fluor 647 (AF647;
Life Technologies) to identify cells that had undergone the
acrosome reaction. AF647 was added to diluted semen to a final
concentration of 4.6 mM and incubated at 328C in the dark for
15min. Recorded events were gated from the viable and non-
viable populations, in conjunction with the FSC and SSC
detectors, to discriminate spermatozoa from debris AF647-
positive events were read on the FL4 photodetector (661/
19 nm BP filter). The percentage of acrosome-intact spermato-
zoa was expressed as a percentage of the spermatozoa negative
for AF647 in the total viable sperm population.
Assessment of DNA fragmentation
DNA fragmentation was assessed solely in the 58C and 158C
treatments due to logistical constraints, via the dual-staining
probe acridine orange (AO; Life Technologies) using the sperm
chromatin structure assay (SCSA; Evenson et al. 1999). AO
fluoresces green when it encounters intact DNA and red when it
detects a breakage in the helix. Spermatozoa were diluted to
1 106 spermatozoa mL1 in an ice-cold buffer and added to an
acid detergent solution in a 1 : 2 ratio for 30 s. Subsequently, AO
(6 mgmL1) was added and the sample (200 mL) was transferred
to a 96-well plate to be analysed using the flow cytometer.
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Fig. 2. Experimental design in which ejaculates were split for the liquid
semen treatments and previously frozen ejaculates from the same bull were
sourced for the frozen–thawed treatment (n¼ total number of inseminations
per sperm treatment per day).
Storage effects on the fertility of liquid semen Reproduction, Fertility and Development C
Green fluorescence of AO was read on the FL1 photodetector
(525/30 nm BP filter) and red fluorescence of AO was read on
the FL4 photodetector (661/19 nm BP filter). DNA fragmenta-
tionwas expressed as a percentage of the green (intact DNA) and
red (fragmented DNA) fluorescent means and calculated
using the formula: red fluorescence/(green fluorescenceþ red
fluorescence) 100.
Assessment of sperm osmotic resistance
The ORT of liquid bull spermatozoa was evaluated as the
proportion of viable cells with intact membranes after incuba-
tion in a hypo-osmotic medium. Hypo-osmotic BWW medium
was prepared by diluting iso-osmotic BWW (300 mOsm) with
dH2O to produce a range of hypo-osmotic conditions, namely:
300, 270, 210, 150, 90, 30 and 3 mOsm. Osmolarities were
determined using an osmometer (VAPRO, Wescor, UT, USA)
and were accurate to  3 mOsm. Approximately 0.5 106
spermatozoa mL1 from each storage temperature condition
were incubated for 15min in a range of hypo-osmotic media and
assessed for viability, as described above. The percentage of
live, and hence, membrane-intact spermatozoa in each sample
after hypo-osmotic incubation was normalised against the
percentage of membrane-intact spermatozoa in the iso-osmotic
control (300 mOsm). Due to the most significant ORT variation
between temperature treatments and duration of storage occur-
ring at 90 mOsm, this point was selected for further analysis.
Field fertility
Inseminations were carried out from mid-April to the end of
May 2014 (coinciding with the peak dairy breeding season) in
Holstein–Friesian (n¼ 33 826), Jersey (n¼ 773), Montbeliarde
(n¼ 241), Norwegian Red (n¼ 419) and Swedish Red (n¼ 69)
cows and heifers in Irish dairy herds (n¼ 2533). Technicians
(n¼ 110) were grouped into geographical areas and each area
was rotated on each collection day to ensure that each technician
received different sperm numbers from each of the two bulls on
each day (Fig. 3). For each insemination, the AI technician
recorded the bull code, tag number of the cow and the code of the
straw, which identified the semen type and sperm number, but
this latter information was not known by technicians at the
time of AI.
Capturing of NRR data
NRR data were captured using the ICBF database by cross-
referencing the technician name with the bull code and semen
type used on each date within the trial period. Obvious errors
were extracted from the dataset, such as service date earlier than
calving date; n¼ 1052). The dataset was then edited to remove
animals (n¼ 8767) using the following procedures; cows that
were not at the first AI, cows that received two inseminations
from two different bulls or sperm number treatments, or cows
that were not of a dairy breed. However, if a dairy cow received
two inseminations from the same bull with the same sperm
number treatment within 5 days of each other, the cow was kept
and the second date was assumed to be correct. After editing, a
total of 35 328 insemination records remained. The fertility rate
of interest in this study was NRR and after each insemination a
cow was assumed to be pregnant and assigned a value of 1
(pregnant). However, where a subsequent insemination or a
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Fig. 3. Experimental design highlighting the distribution of different liquid semen treatments to technicians (tech).
Each technician received two different treatments each day. Additionally, each week the design progressed one step
to the right (i.e. Monday sperm numbers of collection Week 1 became Wednesday sperm numbers of Week 2),
ensuring technicians blindly received all sperm number combinations from all bulls over a 3-week period. Frozen–
thawed semen was also inseminated throughout the period.
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not to be pregnant and this record was changed to a value of
0 (not pregnant; Berry et al. 2011).
Statistical analysis
Data from Experiment 1 were examined for normality of dis-
tribution, tested for homogeneity of variance, transformed
where appropriate and analysed using the general linear model
(GLM) repeated-measures procedure with a compound sym-
metry covariance structure in Statistical Package for the Social
Sciences (SPSS, Version 22.0; IBM, Chicago, IL, USA).
Acrosomal status was transformed using a power transformation
(l¼ 2) and the final model included the main effects of day,
temperature, sperm number and their interactions. In Experi-
ment 2, the 60-day NRR data from the field trial were assessed
using Pearson chi-square model procedures in SPSS to compare
NRR between sperm number treatments. The dependant vari-
able in the analysis was NRR (1¼ pregnant, 0¼ not pregnant).
In addition, a general linear model for binominal data was used
to assess the fixed effects of sperm number treatment, bull,
parity, breed, cow fertility sub-index, days open, herd and
technician on NRR. Each fixed effect was assessed for an
interaction with sperm number treatment. All post-hoc tests
were carried out using the Bonferroni test and results are
reported as the mean the standard error of the mean (s.e.m.) in
Experiment 1 and as the estimatedmarginalmean in Experiment
2, to adjust for imbalance between the numbers of inseminations




The effect of temperature and sperm number on total
progressive motility and viability
From Day 0 to 5 across all treatments the percentage of
spermatozoa displaying total progressive motility declined
linearly (P, 0.001; Fig. 4). There was an effect of temperature
as the 158C treatment retained greater motility in comparison
with all other treatments after Day 1 (P, 0.001). Storage at
328C and Flux 328C was detrimental to sperm motility as, after
Day 1, total progressive motility declined rapidly; motility was
5.3 1.23% and 8.1 1.40%, respectively, on Day 5 in com-
parison with 41.9 1.95% for semen stored at 158C. Overall,
there was an effect of sperm number on motility as T10 and
T5 retained greater total progressive motility than both T1 and
T0.5 (P, 0.001), although T1 had greater motility than T0.5
(P, 0.05). There was no effect of temperature, sperm number
or a temperature sperm number interaction on viability
(P. 0.05).
The effect of temperature and sperm number on
acrosomal status and DNA fragmentation
There was no effect of temperature, sperm number or
temperature sperm number on acrosomal status (P. 0.05),
with the percentage of viable spermatozoawith intact acrosomes
ranging from 86.8 2.20% to 91.8 1.13%. However,
although day had an effect on acrosomal status (P, 0.01) there
was no clear pattern of biological significance. Similarly,
neither temperature, sperm number nor a temperature sperm
number interaction had an effect on DNA fragmentation
(P. 0.05).
The effect of temperature on osmotic resistance
The ORT of bull spermatozoa at each of the different
temperature conditions was assessed under a range of osmotic
conditions (300, 270, 210, 150, 90, 30 and 3 mOsm) in T10 only
due to logical constraints. The 90 mOsm condition was found
to cause the greatest ORT variation in all temperature treat-
ments (P, 0.05); hence, this point was selected for all further
analysis. There was an effect of day, with the ORT of all
temperature treatments declining from Day 0 to 5 (P, 0.001;
Fig. 5). However, this decline was not equal in all treatments
(P, 0.001), with the 58C and Flux 158C treatments retaining
a greater ORT after Day 1 in comparison with the 15, 22 and
328C treatments (P, 0.05; Fig. 6). Unexpectedly, spermatozoa
stored at the Flux temperature conditions retained a greater
ORT in comparison with their constant-temperature counter-
parts (P, 0.05) until after Day 3 of storage, after which it
declined.
Experiment 2
The effect of liquid and frozen–thawed semen on field
fertility data (2012 – 2013)
There was no effect of semen type (liquid vs frozen–thawed)
or day of storage (semen used on Day 1 or Day 2 after collection
and processing) on NRR from the commercial AI records of
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Fig. 4. The effect of temperature on total progressive motility as assessed
on Day 0, 1, 3 and 5 after collection. Vertical bars represent s.e.m. Values
with different superscripts represent differences between treatments
(P, 0.05). Broken lines represent Flux temperature treatments while
continuous lines represent constant storage temperature treatments.
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The effect of sperm number on NRR
There was an effect of sperm number on NRR (P, 0.01) as
the 4 and 3 106 sperm number treatments had a lower NRR on
Day 2 of storage in comparison with the frozen–thawed treat-
ment (Fig. 7). Similarly, an average of all liquid semen treat-
ments on Day 2 showed a reduced NRR (75.0%) in comparison
with the frozen–thawed treatment and liquid semen treatments
on Day 1 of storage, which yielded a NRR of 77.4 and 76.6%,
respectively (P, 0.05).
The effect of bull on NRR
There was no effect of bull on NRR (P. 0.05) as the average
NRR for the bulls used in the trial varied between 75.8 and
77.4%. There was a bull sperm number treatment interaction
(P, 0.05), which was represented by one bull in the 5 106
sperm number treatment having a lower NRR than the other
treatments on Day 2 of storage. While not statistically signifi-
cant, bulls A, C and E had a numerically lower NRR in each
sperm number treatment onDay 2 of storage comparedwithDay
1 and the frozen–thawed treatment (with the exception of bull C
in the 5 106 sperm number treatment). When liquid semen
treatments were combined, the NRR of each of these three bulls
was lower on Day 2 in comparison with the frozen–thawed
treatment (P, 0.05; Table 2).
The effect of parity number and breed on NRR
There was an effect of parity on NRR (P, 0.001), as maiden
heifers had a higher NRR in comparison with multiparous dairy
cows (Fig. 8). In addition, cows that were parity two or less had
a higher NRR in comparison with cows that were greater than
Table 1. The effect of liquid Day 1, liquid Day 2 and frozen–thawed
semen on 60-day NRR in dairy cows and heifers












Liquid Day 1 5617 72.8 6046 69.9
Liquid Day 2 4196 71.6 3978 70.0

































Fig. 7. The effect of sperm number and day of storage on 60-day NRR in
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a bab b
Fig. 5. The effect of duration of storage on the osmotic resistance of liquid
bull spermatozoa stored at 158C and assessed via flow cytometry in a range
of hypo-osmotic media. Vertical bars represent s.e.m. Values with different
superscripts represent differences between days (P, 0.05). Data from the


























5C 15C Flux 15C 22C







Fig. 6. The effect of duration of storage on the osmotic resistance of bull
spermatozoa stored under a range of temperature conditions and assessed
via flow cytometry at 90 mOsm. Vertical bars represent s.e.m. Values with
different superscripts represent differences between temperatures
(P, 0.05). Broken lines represent Flux temperature treatments while
continuous lines represent constant storage temperature treatments.
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parity five (P, 0.05). There was a parity sperm number
interaction (P, 0.05); however, there was no clear biological
pattern. Maiden heifers had a higher NRR of 91.1% when
inseminated with frozen–thawed semen compared with liquid
semen on Day 1 and 2 of storage, which yielded a NRR of 85.1
and 82.9%, respectively (P, 0.05). Therewas no effect of breed
or a breed sperm number interaction on NRR (P. 0.05).
The effect of the cow fertility sub-index on NRR
There was an effect of cow fertility sub-index on NRR
(P, 0.001) as cows with a fertility sub-index greater than h90
had a higher NRR in comparison with cows which had a sub-
index of less than h70 (Fig. 9). There was a cow fertility sub-
index sperm number interaction (P, 0.05), as the NRR of the
frozen–thawed treatment decreased with lowering cow fertility
sub-indexes, while this trend was present but not statistically
significant in the liquid semen treatments.
The effect of days open, herd and technician on NRR
Cows thatwere greater than 60 days calved had a higherNRR
in comparison with cows that were calved less than 60 days
before first AI (P, 0.001; Fig. 10). There was a linear increase
inNRR as the number of days open increased, up to 80 days after
calving (P, 0.001). Unexpectedly, the NRR for cows that were
less than 20 days calved was relatively high at 63.5%. There was
a days open sperm number interaction (P, 0.05) as NRRwas
higher in liquid semen on Day 1 and frozen–thawed semen in
comparison with liquid semen on Day 2 for cows that were 60 to
80 days open (P, 0.05). As expected, NRR varied between
individual herds (P, 0.05) for herds with greater than 30
recorded inseminations. However, there was no herd sperm
number interaction (P. 0.05). Similarly, NRR varied between
technicians (P, 0.001) for technicians with greater than 40
recorded inseminations.
Discussion
The main findings of this study were that: (1) constant storage at
158C was most beneficial in terms of total progressive motility
after Day 1 of storage, (2) ORT was better retained during
Table 2. The effect of liquid Day 1, liquid Day 2, frozen–thawed semen
and bull on 60-day NRR in dairy cows and heifers
Values with different superscripts differ significantly across each row
(P, 0.05)








A 75.9ab 1484 73.0a 1377 78.7b 1283
B 77.3 1433 76.1 893 75.7 3934
C 76.5ab 2570 75.5a 1651 78.5b 5588
D 76.8 2181 75.4 1789 77.2 1290
E 76.9a 2554 73.8b 1453 76.9a 1518
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Fig. 8. The effect of parity number on 60-day NRR in dairy cows and
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Cow fertility sub-index (  )
Fig. 9. The effect of cow fertility sub-index on 60-day NRR in dairy cows
and heifers. Values with different superscripts differ significantly between
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Fig. 10. The effect of days open on 60-dayNRR in dairy cows. Valueswith
different superscripts differ significantly between days open categories
(P, 0.001).
Storage effects on the fertility of liquid semen Reproduction, Fertility and Development G
storage at 58C or when storage temperature was fluctuated to
58C, up to Day 3 after collection, (3) liquid semen stored at 4 and
3 106 spermatozoa per dose had a reduced NRR on Day 2 of
storage in comparison with frozen–thawed semen, (4) both
liquid and frozen–thawed semen resulted in a higher NRR in
heifers in comparison with multiparous dairy cows, (5) cows
with a higher fertility sub-index had a higher NRR than those
with a lower fertility sub-index and (6) there was a linear posi-
tive relationship between the number of days open at insemi-
nation and reproductive performance in dairy cows. To our
knowledge, this is the first published report to examine the effect
of temperature fluctuations on liquid semen during in vitro
storage and the effect of sperm number on male and female
fertility factors following insemination with liquid semen,
where each of the sperm number treatments was prepared from
the same ejaculate. This eliminates potential confounding
effects arising from the collection of sperm number treatments
from different bulls or ejaculates and, thus, provides clear and
reliable in vivo data on the use of liquid semen.
In the present study the total progressive motility of liquid
bull semen was greater when stored at 158C than any other
temperature. A previous study on liquid ram spermatozoa
reported greater motility and viability at 58C in comparison
with 158C (O’Hara et al. 2010). In contrast, this study has
demonstrated that storage temperature had no effect on viability
but had an effect on motility in liquid bull semen, up to 6 days
after collection. In agreement with the present study, storage
temperature has previously been reported to have no effect on
viability or acrosomal status in human spermatozoa, but
increased sperm motility at ambient temperatures, in compari-
son with storage above 328C (Thijssen et al. 2014). A similar
temperature-dependent motility trend was found in the present
study and may potentially occur due to an increase in metabo-
lism at storage temperatures above 228C. This may result in an
increased glucose consumption, which could decrease the quan-
tity of ATP available to viable spermatozoa (Hammerstedt and
Hay 1980) and, therefore, negatively impact sperm motility
(Storey 2008). Storage of liquid semen at temperatures above
228C has been shown to result in lower pregnancy rates
compared with storage at both 5 and 228C (Bartlett and Van
Demark 1962), which may correspond to the decrease in
motility at 328C and Flux 328C in this study.
In boar semen, ORT has been shown to be correlated with
storage temperature, as the fluidity of the sperm plasma mem-
brane increases with increases in temperature, resulting in a
greater sperm membrane integrity and tolerance to swelling
(Druart et al. 2009). Conversely, the present study has shown
that liquid bull semen demonstrates the greatest membrane
integrity during storage at 58C, for up to 6 days after collection.
The reduction in metabolic activity associated with storage at
58Cmay temporarily reduce the membrane-damaging effects of
reactive oxygen species (ROS), preserving membrane integrity.
Interestingly, membrane integrity declined with duration of
storage; however, acceptable membrane integrity was preserved
until Day 1 in all temperature treatments, with the exception of
storage at 328C. Peak phase transition in the bull sperm mem-
brane has been reported to occur in the range of 20 to 258C;
however, rapid cooling may increase structural defects in the
sperm membrane, leading to altered permeability and potential
cell death (Parks and Graham 1992). In the present study,
controlled gradual fluctuations in storage temperature to 58C
at night assisted in maintaining membrane integrity up to Day 3
after collection, indicating that a lessened rate of membrane
transition from liquid to solid phase upholds the structural
integrity of the sperm membrane. The present study also
demonstrated that constant storage at temperatures greater than
58C resulted in an increased loss of membrane integrity. Fur-
thermore, it has previously been hypothesised that the genera-
tion of ROS in spermatozoa is accelerated at higher storage
temperatures (Vishwanath and Shannon 1997; Pino et al. 2013).
This, coupled with decreased membrane integrity, may increase
membrane damage and permeability, thereby reducing the
capacity to control intracellular processes.
Previous studies have reported that the NRR of liquid and
frozen–thawed semen does not differ up to Day 2 of storage
when ejaculates are split (Shannon and Vishwanath 1995) or
sourced from different bulls (Buckley et al. 2003), even in the
case of low-dose inseminations using liquid and rediluted
frozen–thawed semen (Shannon and Vishwanath 1995). Unex-
pectedly, in the present study, the NRR of dairy cows decreased
significantly in the 4 and 3 106 sperm number treatments on
Day 2 of storage, in comparison with the frozen–thawed
treatment. It has previously been demonstrated in liquid semen
that higher dilution rates immediately after ejaculation have an
adverse effect on the viability of spermatozoa after Day 2 of
storage, even when spermatozoa are subsequently diluted to the
same number for in vitro storage (Shannon 1965). The presence
of a greater volume of egg yolk in diluted samples protects
spermatozoa from the detrimental effects of seminal plasma
(Bergeron et al. 2004). However, it also contains high quantities
of L-phenylalanine, L-tyrosine and L-tryptophan (Macmillan
et al. 1972), which act as substrates for aromatic amino acid
oxidase (AAAO), which is released from non-viable spermato-
zoa and ultimately promotes H2O2 generation (Shannon and
Curson 1972), increasing mitochondrial, membrane and DNA
damage (Wallace 1992; De Iuliis et al. 2009) in aged spermato-
zoa due to the lack of a repair mechanism. A disruption in the
equilibrium between the antioxidant capacity of the diluent and
ROS generation, caused by a general increase in oxidative stress
in the individual sperm number treatments, may provide some
insight into the mechanism of an ageing stress in spermatozoa,
which resulted in a lower NRR onDay 2 of storage in the present
study.
The sperm ageing effect highlighted in the present study was
noted to occur primarily in three of the bulls used in the study,
indicating that spermatozoa from specific bulls may be more
susceptible to ageing. It has previously been shown that declines
in NRR for some bulls can be reduced by compensating with an
increase in the number of viable spermatozoa inseminated
(Shannon and Vishwanath 1995; Den Daas et al. 1998). A
recent study from New Zealand demonstrated that liquid sexed
semen produced a NRR of 94% of the NRR of conventional
liquid semen (Xu 2014). The conventional liquid semen treat-
ment in that study was stored at increasing sperm numbers for
targeted use on subsequent days after collection; namely 1.25,
1.75 and 2 106 spermatozoa per dose for insemination on
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Day 1, 2 and 3 after collection, respectively, to reduce a decline
in fertility on Day 2 and 3, reporting an average NRR of 72.3 to
73.6%. Previous studies have found that storing frozen–thawed
semen at suboptimum sperm numbers (5 106 spermatozoa
per dose) yielded significant reductions in NRR, but only
when accompanied by a sire effect (Vishwanath et al. 1996;
DeJarnette et al. 2011). This may indicate that sperm number
must be adjusted on an individual bull basis to reduce differ-
ences in NRR between bulls of inherently high and low fertility
(Al Naib et al. 2011a). Increasing the sperm number per dose on
targeted days after collection for bulls that have been identified
to have an increased susceptibility to sperm ageing during liquid
storage may still allow for a greater number of doses to be
produced at lower sperm numbers without a decline in NRR.
Nevertheless, increasing fertility through increases in sperm
number has a maximum threshold in terms of both NRR and
delaying the rate of decline in the fertile lifespan of liquid semen
(Vishwanath and Shannon 2000).
Previous studies have found that NRR is higher in heifers
when compared with multiparous lactating dairy cows (Roth
et al. 2008; Gabriel et al. 2011; Carvalho et al. 2014). In the
present study, frozen–thawed semen resulted in a higher NRR in
heifers than liquid semen, though this may be an artefact arising
from the lower number of heifers used in the study. Liquid
semen performed equally well on both Day 1 and 2 across all
parities, with the exception of parity one, where NRR decreased
on Day 2. It has previously been shown that following first
calving there is a prolonged postpartum anoestrus and an
increased time required for uterine involution (Meikle et al.
2004) in comparison to multiparous cows. These obstacles to
fertility in first-calving cows, combined with a dose rate
sperm ageing interaction, may provide a potential rationale for
the decline in NRR when liquid semen is used in first-parity
cows on Day 2 of storage.
The number of days open before insemination was found to
have a significant effect on NRR, irrespective of sperm number.
Previous studies have used blood progesterone concentrations to
demonstrate that ovulation can occur from 21 to 30 days
postpartum (Sakaguchi et al. 2004; Brown et al. 2012;
Heppelmann et al. 2013; Scully et al. 2013), providing reason-
ing for the relatively high NRR of 63.5 to 65.9% recorded in this
study for cows less than 40 days calved. While this study
demonstrated that a higher NRR can be achieved by increasing
the number of days open before insemination, it also highlights
that late-calving cows may be inseminated with either liquid
or frozen–thawed semen, with reasonable success, to bring
forward the calving date of this cohort of cows.
Dairy cow fertility in Ireland and across the world decreased
dramatically from the 1970s to 2000, from a calving rate of
greater than 60% in the 1970s to 48% in 1999 (Evans et al.
2006). The establishment of the EBI, which incorporates pro-
duction and fertility sub-indexes (as well as calving, health,
maintenance, management and beef sub-indexes) when ranking
bulls, has been a major advancement in reversing this fertility
decrease (Wickham et al. 2012). In the present study, the
overall NRR had a positive linear relationship with increases
in cow fertility sub-index. Hence, through utilising both liquid
and frozen–thawed semen, with reference to the cow fertility
sub-index to breed progeny of a greater genetic merit, the Irish
dairy industry will improve in terms of increased submission
rates, pregnancy rates and cow survival (Coleman et al. 2009),
parameters which are critical in a compact calving seasonal
grass-based production system (Veerkamp et al. 2002).
In conclusion, storing liquid semen at higher temperatures
has an effect on sperm function, as liquid bull semen loses
progressive motility and membrane integrity at an accelerated
rate. However, this study highlights the fact that spermatozoa
are quite versatile in terms of storage temperature and can retain
acceptable in vitro standards of sperm quality between 5 to 228C.
Hence, strict temperature regulation of liquid semen in temper-
ate climates may not be critical with extreme night-to-day
variations in temperature rarely occurring during the peak
breeding season, as supported by the relatively high NRR
obtained during unregulated ambient storage in Experiment 2.
Reductions in the fertility of liquid semen were not solely
affected by a reduction in sperm number, but also a sperm
ageing effect. An increase in the number of aged spermatozoa
during liquid storage has combinative effects on fertility, with
respect to individual bulls and parity number. This may poten-
tially reduce the total number of fertile spermatozoa available
for the fertilisation of an oocyte below an acceptable threshold.
Methods that may assist in countering this ageing effect would
be to increase the sperm number in doses used during subsequent
days of storage or to optimise the semen diluent for egg yolk or
antioxidant concentrations at specific lower sperm numbers.
The storage of liquid semen at 1.25 to 2 106 spermatozoa per
dose in New Zealand may indicate that the protective effects of
the liquid semen diluent are better utilised at much lower
insemination doses, potentially due to reduced substrate compe-
tition or ROS generation and, therefore, more efficient antioxi-
dant capacity. However, future research must be conducted to
validate the effects such methods would have on fertility.
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a b s t r a c t
The objective of this study was to assess the effects of dietary supplementation of a commercial algal
product rich in docosahexaenoic acid (DHA) on boar fertility as assessed in vitro and in vivo. Boars were
fed one of three experimental diets for 19 weeks: (i) Control (Ctl) diet (n ¼ 31), (ii) Ctl diet plus 75g All-G-
Rich per day (n ¼ 31) or (iii) Ctl diet plus 150g All-G-Rich per day (n ¼ 30). Parameters assessed were (i)
raw semen quality; volume, sperm concentration, total motility and morphology (ii) liquid semen
quality; progressive motility, viability, hypotonic resistance and acrosomal integrity (iii) frozen-thawed
semen quality; motility, thermal stress, viability, membrane fluidity and mitochondrial activity (iv)
sperm and seminal plasma (SP) fatty acid composition (FAC) (v) total antioxidant capacity (TAC) of SP and
(vi) farrowing rates and litter sizes of sows (n ¼ 1158) inseminated with liquid semen. Boars consuming
75g All-G-Rich had a larger semen volume (P < 0.05) and a higher total sperm number (P < 0.01) than the
Ctl treatment, however, there was no effect of treatment on any other semen quality parameter
(P > 0.05). There was no effect of dietary treatment on the FAC and TAC of SP or on farrowing rate and
litter size (P > 0.05). There was an effect of dietary treatment on the FAC of sperm, represented by an 1.72
and 1.60 fold increase in the DHA content for 75 and 150g treatments, respectively, compared to the Ctl
treatment. In conclusion, a significant increase in semen volume and total sperm number in boars
supplemented 75g All-G-Rich daily, resulted in an increase in production of 3 to 4 more doses per
ejaculate, thus, indicating that the feeding regime described within this study has the potential for
increasing the output of boar studs.
© 2016 Elsevier Inc. All rights reserved.
1. Introduction
Polyunsaturated fatty acids (PUFAs), especially omega-3 fatty
acids, have beenwidely reported to have positive effects on human
health, such as reducing the risk of both cardiovascular disease [1]
and breast cancer [2] through their anti-inflammatory and chemo-
preventative activities. They have been shown to have beneficial
effects on female fertility through supporting fetal development [3]
and, more recently, have been shown to positively influence male
fertility in both human [4] and animal models, including; the boar
[5,6], ram [7], bull [8], stallion [9] and chicken [10]. Dietary sup-
plementation of PUFA's have been shown to alter the fatty acid
composition (FAC) of the sperm and seminal plasma, increase li-
bido, sperm concentration and, thus, total sperm numbers [6],
decrease morphological abnormalities [11] and also increase sperm
motility [12]. These benefits may be due to the influence of PUFA's
on steroid production pathways, such as increasing testosterone
concentration [13], the number of gonadotrophin receptors
involved in the regulation of steroidogenesis and also as a result of
modifying the phospholipid profile of the sperm membrane facil-
itating an increase in the fluidity and flexibility of the sperm
membrane [14].
Docosahexaenoic acid (DHA) is a long chain omega-3 PUFA and
is the most prevalent unsaturated fatty acid found in mammalian* Corresponding author.
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sperm cells, comprising approximately, 38% of phospholipids and
20% to 30% of total omega-3 fatty acids in boar sperm [15]. The
highest concentration of DHA in sperm is located within the tail
region (99%) rather than the head (1%; [16]), giving the plasma
membrane of the sperm tail a significant degree of flexibility and
elasticity, facilitating the flagella movement required for motility
[15]. The inclusion of DHA in the diet has been shown to contribute
to sperm membrane fluidity and flexibility [17], enabling sperm to
undergo membrane associated events such as capacitation and the
acrosome reaction [15]. Two main approaches have been used to
investigate the role of fatty acids in sperm cell function, namely; to
define the lipid composition of both sperm and seminal plasma in
normozoospermic and asthenozoospermic males [14,18]. The sec-
ond approach is the addition of specific fatty acids to the male diet
in an attempt to increase the rate of spermatogenesis and alter the
fatty acid profile of sperm cell membranes and therefore, improve
sperm quality [5,19].
Although most studies feeding PUFAs, from fish or vegetable oil
sources, have reported a positive modification in the sperm lipid
composition, in particular increasing the proportion of DHA and
decreasing the level of saturated fatty acids [12,20], not all studies
observed similar results in relation to sperm production, quality
and function [11,20]. By far the most promising results are from
studies which have supplemented DHA in the diet or through the
addition of various oil types [5,8,20]. Rooke et al. [5] supplemented
boars with 30g tuna oil diet for a period of 6 weeks and reported a
decrease in the percentage of boar sperm with morphological ab-
normalities and an increase in progressive motility while Gholami
et al. [8] reported an improvement in the viability and motility of
fresh bovine semen. However, contradiction in the literature may
be related to differences in breeds, boar age, sources of omega-3
PUFAs and the duration of supplementation. Most of these
studies are focused on either the in vitro analysis of liquid or frozen-
thawed semen and are not supported with field data. However,
studies which have reported farrowing rate and litter size from
boars, supplemented PUFAs in the diet, are confounded by small
sample size [21].
Fish oils are themajor commercial source of omega-3 fatty acids,
specifically DHA [22]. However, due to increases in global demand
and the price of fish oils, the development of fish oil alternatives is
imperative [24]. Microalgae mass culture is a renewable production
technology at an industrial scale which enables the production of
omega-3 fatty acids, particularly DHA, from algal sources [25] and is
now providing an important source of DHA within the food in-
dustry [26]. However, there is no published study on the effect of
the dietary supplementation of algal DHA on male fertility in any
species. The objective of this study was to assess the effects of di-
etary supplementation of a commercial algal product rich in do-
cosahexaenoic acid (DHA) on boar fertility as assessed in vitro and
in vivo.
2. Materials and methods
2.1. Experimental design
Purebred maternal (Landrace; LR; n ¼ 36, Largewhite; LW;
n ¼ 35) and terminal line boars (Maxgro; MG; n ¼ 21; Hermitage
Genetics 2014) of proven fertility, ranging between 10 and
18 months of age were used in this study. All boars were balanced
across treatments according to age, breed and pre-experimental
semen quality records from the boar stud (total motility, sperm
concentration and morphology). Boars were fed one of three
experimental diets for 19 weeks. These diets included (i) Control
diet (Ctl; standard commercial grain based diet; n ¼ 31 boars), (ii)
Ctl diet plus 75g of All-G-Rich per day (75g; n ¼ 31 boars) and (iii)
Ctl diet plus 150g of All-G-Rich per day (150g; n ¼ 30 boars). All-G-
Rich is a DHA-rich algal commercial supplement (Hower 2014: Filer
2014) which contains the antioxidant ethoxyquin (Table 2: Alltech,
Dunboyne, Co Meath, Ireland). Ethoxyquin, is a synthetic antioxi-
dant, commonly used in animal feed to protect against lipid per-
oxidation but is also known for having a high antioxidant capacity
[28]. This study was approved by the University of Limerick ethics
committee (2013_12_1_ULAEC).
Semen was collected from boars once per week throughout the
supplementation period and assessed on farm for volume, sperm
concentration as well as motility and morphology (microscopy-
based; Supplementary Material Fig. 1) from week one to 14. Labo-
ratory technicians were blind to treatments. On three occasions
(replicates; Supplementary Material Fig. 1), between week eight
and 14, liquid semen from a subset of boars (n ¼ 12 per treatment)
was assessed on Days 1, three and six post collection for progressive
motility using a phase-contrast microscope and viability, hypotonic
resistance and acrosomal integrity via flow cytometry. Motility and
viability were performed on liquid semen as these are standard
parameters to assess semen quality while acrosomal integrity and
hypotonic resistance were conducted to assess the versatility of
sperm to increased duration of storage. Throughout the experi-
mental period sows (n ¼ 1158) were inseminated with liquid
semen on commercial farms (n ¼ 27) and farrowing rates and litter
sizes were captured. On three occasions (replicates; Supplementary
Material Fig. 1) between week 14 and 19, semen was collected and
frozen from six boars per treatment. Frozen-thawed semen was
assessed post-thaw for motility pre- and postethermal stress using
Computer Assisted Sperm Analysis (CASA; SCA Evolution, Micro-
ptics, Barcelona, Spain) as well as viability, membrane fluidity,
mitochondrial activity and oxidative stress via flow cytometry.
These tests were performed on frozen-thawed semen as again
motility and viability are basic parameters to assess semen quality
while thermal stress test, membrane fluidity and oxidative stress
test were conducted to best assess if dietary supplementation
reduced the damage sustained to sperm membrane due to the
stress associated with the freeze-thaw process. Onweeks one, eight
and 18 ejaculates were collected from 12 boars per treatment,
centrifuged and sperm and seminal plasma (SP) were harvested
and frozen. The SP was later analyzed for total antioxidant capacity
(TAC) while the sperm and SP samples were analyzed for their fatty
acid profile (week eight only).
2.2. Composition of diets and feeding regime
All boars were located at one commercial boar stud in County
Kilkenny, Ireland, individually housed and fed and maintained
under similar management and feeding conditions. Boars were
individually fed approximately 3 kg of Ctl diet daily as per routine
procedure (depending on size and age), between 08.30 and
09.00 hours, and had ad libitum access to water. The All-G-Rich
Table 1
Chemical analysis (expressed as g/kg of dry matter (DM) unless otherwise stated) of
the control diet (a standard commercial grain based diet) and the All-G-Rich sup-
plement (a DHA-rich algal commercial supplement).
Ingredient Control diet All-G-Rich
DM (%) 87.4 97.3
Crude Protein (g/kg) 16.5 10.7
Crude Fiber (g/kg) 38.2 16.8
Ash (g/kg) 59.58 44.1
Acid detergent fiber (g/kg) 66.26 64.21
Neutral detergent fiber (g/kg) 104.47 81.04
Ether extract (g/kg) 2.3 33.2
Gross energy (MJ/kg DM) 17.0 31.8
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product was top-dressed onto the Ctl diet, and throughout the trial
period, boars were monitored on a daily basis to ensure that
complete consumption of allocated feed occurred. The chemical
analysis of the Ctl diet and the All-G-Rich supplement are pre-
sented in Table 1. The FAC of the Ctl diet and All-G-Rich supplement
are presented in Table 2.
2.3. Semen collection and processing
Semen was collected from all boars using the glove-hand tech-
nique [5] and following collection, the gel portion and sperm-poor
fraction of each ejaculate was discarded so that only the sperm-rich
fraction was used for processing. Ejaculates were kept separate
throughout and were initially partially extended in pre-warmed
(37 C) TRIXcell þ swine extender (IMV Technologies, Normandy,
France) immediately post collection to allow for initial on farm
analysis. On farm analysis was conducted to assess semen volume
(based onweight), sperm concentration via colorimeter (Sherwood
254; SciChem, Co. Cork, Ireland) and total motility (5 point scale;
1 ¼ < 20% motile sperm; 5 ¼ 81 to 100% motile sperm) and
morphology via microscopy, to ensure all semen samples were of a
commercial standard (3 and < 20% abnormalities). Abnormalities
were divided into primary (clumps and detached heads) and sec-
ondary (distal droplets, proximal droplets and long, bent or broken
tails) abnormalities [57]. Total sperm numbers were calculated by
multiplying sperm concentration (106/mL) by semen volume (mL).
Each ejaculate was then fully extended to achieve 2.7  109 sperm
per 75 mL dose, via colorimeter. Semen was packaged into indi-
vidual doses using a GTB 1000 instrument (IMV Technologies,
Normandy, France) following which these were sealed and placed
in a temperature controlled cooler box for transport at 17 C.
Upon collection of semen samples for cryopreservation, a
portion of the raw ejaculate (15 mL) was partially extended with
TRIXcell þ while the remainder of the ejaculate was processed for
liquid semen. Semen samples (15 mL) were assessed for sperm
concentration, total motility and morphology as described above.
Only ejaculates achieving a morphology score of greater than 85%
and a motility score of greater than4.5 were used for cryopreser-
vation. Following in vitro assessments, the semen was fully
extended with pre-warmed TRIXcell þ to achieve a concentration
of 3  109 sperm per mL and was subsequently cooled to room
temperature (15e17 C) over approximately 60 minutes. Samples
were then centrifuged at 1000 g for 25 minutes at 15 C, the su-
pernatant was removed, leaving 3 mL of a pellet (1  109 sperm/
mL). A cooling diluent (12 mL; BOARCIPHOS A; IMV Technologies,
Normandy, France), at 15 C, was added slowly to re-suspend the
sperm pellet, to give a working concentration of 200  106 sperm
per mL. Samples were refrigerated at 4 C for 60 minutes, following
which, a further 15 mL of freezing diluent (BOARCIPHOS B; IMV
Technologies, Normandy, France), at 4 C, was added to give a final
concentration of 100  106 sperm per mL. Samples were then
packaged into 0.5 mL straws (IMV Technologies, Normandy,
France), at 4 C (10 straws per ejaculate) and sealed using polyvinyl
alcohol powder. Straws were frozen to -140 C as follows: 3 C per
min from þ5 C to -5 C and thereafter 40 C per min from -5 C to
-140 C [30] in a programmable freezer (IMV Technologies, Nor-
mandy, France), followed by submersion and storage in liquid ni-
trogen at -196 C until use.
2.4. Sperm functional assessments
2.4.1. In vitro microscopic analysis of liquid and frozen-thawed
semen
2.4.1.1. Standard microscopic techniques. This method was used for
the assessment of progressive motility of diluted liquid semen on
Days 1, three and six post semen collection. Motility of liquid semen
was assessed using a phase contrast microscope (CX31; Olympus,
Center Valley, PA, USA) at a magnification of 400 X. A drop (5 mL) of
diluted semen was placed on a pre-warmed glass slide, covered
with a pre-warmed coverslip (37 C) and assessed by counting a
minimum of 100 sperm, over at least five different fields of view, for
each dietary treatment on each assessment day. Motility was
expressed as the percentage of motile sperm in the total sperm
population (motile and non-motile).
2.4.1.2. CASA. Motility of frozen-thawed sperm samples was
assessed using a CASA system. Straws (n ¼ 4 per ejaculate) were
thawed at 70 C for 8 seconds and placed into 3 mL of pre-warmed
Beltsville Thawing Solution (BTS; 37 C). Samples were centrifuged
at 400 g for 6 minutes at 32 C. The supernatant was removed,
sperm pellet re-suspended in 1 mL BTS and incubated in a heated
block at 37 C. A drop (5 mL) of diluted semen was placed on a pre-
warmed chamber (37 C; Leja counting chambers, depth 20 mm;
Microptics, Barcelona, Spain) and analyzed for sperm motion and
kinematic characteristics immediately post-thaw. A minimum of
five microscopic fields with at least 300 sperm were analyzed in
each sample using a phase-contrast microscope at 100X fitted with
a pre-warmed stage at 37 C. Objects incorrectly identified as sperm
were edited out using the playback function. The CASA derived
motility and kinematic characteristics assessed were total motility,
progressive motility, average path velocity (VAP above 10 mm/s),
straight line velocity (VSL), curvilinear velocity (VCL), linearity
(LIN), straightness (STR), amplitude of lateral head displacement
(ALH) and beat cross frequency (BCF; [31]).
2.4.1.3. Thermal stress test. A thermal stress test [56] was con-
ducted on only frozen-thawed sperm using CASA. Sperm were
diluted 2:1 in BTS to achieve 50  106 sperm/mL. Briefly, the
motility of frozen-thawed sperm were assessed immediately post-
dilution (T0) and again following a 30 minutes incubation (T30) of
the diluted sperm at 37 C. The difference in motility immediately
post-dilution and after 30 minutes at 37 C was recorded.
2.4.2. In vitro flow cytometric analysis of liquid and frozen-thawed
semen
Before flow cytometric analysis, sperm samples were diluted to
Table 2
Fatty acid profile of the control diet (a standard commercial grain based diet) and the
All-G-Rich diet (a DHA-rich algal commercial supplement). Values are g/100 g Fatty
Acid Methyl Esters.
Fatty acid Control diet (%) All-G-Rich (%)
Lauric acid (C12:0) 0.29 <0.10
Myristic acid (C14:0) 0.02 4.27
Myristoleic acid (C14:1c) nd 1.60
Palmitoleic acid (C16:1t) 0.19 <0.10
Palmitoleic acid (16:1c) 0.20 nd
Palmitic acid (C16:0) 16.66 54.69
Margaric acid (C17:0) nd 0.63
Steric acid (C18:0) 4.00 1.80
Elaidic acid (C18:1t) nd <0.10
Oleic acid (C18:1 n-9) 29.48 0.36
Linoleic (C18:2) 43.98 <0.10
a-linolenic acid (C18:3) 3.21 <0.10
Arachidic acid (C20:0) nd 0.24
Paullinic acid (C20:1 n-7) 0.52 nd
Arachidonic acid (C20:4) nd 1.11
Eicosapentaenoic acid (C20:5) 0.88 0.33
Erucic acid (C22:1) nd 0.53
Docosapentaenoic acid (C22:5) nd 0.07
Docosahexaenoic acid (C22:6) 0.48 33.55
nd ¼ not detectable; FAME, fatty acid methyl ester.
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a final working concentration of 300  105 sperm/mL in either
TRIXcellþ (liquid semen samples) or BTS (frozen-thawed semen
samples). Samples were analyzed on a flow cytometer (Guava
easyCyte 6HT-2L, Merck Millipore, Billerica, MA, USA) equipped
with both a Krypton Laser (642 nm) and an Argon Laser (488 nm).
Appropriate single color controls were prepared to establish the
respective fluorescent peaks of the individual stains. These were
used in conjunction with the forward scatter (FSC) and side scatter
(SSC) signals to discriminate sperm from debris (P0.1 Population).
Fluorescent events were recorded using GuavaSoft (Version 2.7;
Merck Millipore) and all variables were assessed using logarithmic
amplification. In each sample 10,000 gated events were captured.
All fluorochromes used were prepared as standard procedure using
dimethyl sulfoxide (DMSO).
2.4.2.1. Assessment of viability. Viability was assessed for both
liquid and frozen-thawed semen using two fluorescent probes [32];
a nucleic acid probe, SYTO 16 (Ex/Em: 488/518; Life Technologies,
Carlsbad, CA USA) is a cell permeant probe which fluoresces upon
binding to nucleic acids. Propidium iodide (PI; Ex/Em: 535/617; Life
Technologies, Carlsbad, CA, USA) is selectively taken up by mem-
brane compromised cells thus indicating a loss of viability. SYTO 16
(5 mL) was added to diluted sperm (300  105 sperm/mL) to give a
final concentration of 100 nM and incubated at 37 C in the dark for
10 minutes. Subsequently, PI was added at a final concentration of
15 mM and incubated for a further 5 minutes. SYTO 16 emissionwas
detected via the Green photomultiplier (PMT; 525/30 nm BP filter)
and PI was read with the Red1 PMT (690/50 nm BP filter) no
compensation was carried out. Viability was defined as the per-
centage of sperm positive for SYTO 16 but negative for PI. All per-
centages were calculated as part of the total gated sample, P0.1
Population.
2.4.2.2. Assessment of hypotonic resistance. Hypotonic resistance
was evaluated as the percentage of viable cells with intact mem-
branes after incubation in a hypo-osmotic medium and adapted
from [32]. Hypo-osmotic TRIXcell þ media were prepared by
diluting iso-osmotic TRIXcell þ (300 mOsm) with dH2O to produce
a range of hypo-osmotic media, namely 300 (Control), 240, 210,
180, 150, 120, 90 and 30 mOsm. Osmolarities were confirmed using
an osmometer (VAPRO, Wescor, Utah, USA) and were accurate
to ± 3 mOsm. Sperm (300  105 sperm/mL) were incubated for
15 minutes in 500 mL of hypo-osmotic media (TRIXcellþ) and were
subsequently assessed for viability, as described above. The per-
centage of membrane intact sperm in each sample after hypo-
osmotic incubation was normalized against the percentage of
membrane intact sperm in the iso-osmotic control (300 mOsm).
2.4.2.3. Assessment of acrosomal integrity. Acrosomal integrity was
assessed by incubating sperm with SYTO 16 and PI, as described
above, followed by incubationwith Alexa Flour 647 (AF647; Ex/Em:
650/668; Life Technologies, Carlsbad, CA, USA) to identify sperm
which had undergone the acrosome reaction [32]. Alexa Fluor 647
fluoresces in the presence of the enzyme acrosin, which is exposed
upon the loss of the acrosomal cap. Alexa Flour 647 (3 mL) was
added to diluted sperm (300  105 sperm/mL) to a final concen-
tration of 4.6 mM and incubated in the dark for 15 minutes at 37 C.
AF647 positive events were read on the Red2 PMT (661/19 nm BP
filter) with no compensation carried out. The percentage of
acrosome-intact sperm in the live population was expressed as a
percentage of the sperm negative for Alexa Flour 647 and positive
for SYTO 16 as part of the total gated sample, P0.1 Population.
2.4.2.4. Assessment of mitochondrial activity. Mitochondrial activity
was assessed on frozen-thawed sperm samples only using an
adapted method from [59]. Diluted sperm from each treatment
were washed once in BTS (3 mL at 400 g for 6 minutes at 32 C) and
were subsequently re-suspended in BTS (1 mL). To assess mito-
chondrial activity the fluorescent probe JC-1 (5 mL; Ex/Em: 514/529;
Life Technologies, Carlsbad, CA, USA) was added to 300  105
sperm/mL to give a final concentration of 1.5 mM. JC-1 fluoresces red
upon accumulation in the mitochondria, thus indicating high
mitochondrial activity. The samples were incubated in the dark for
15 minutes at 37 C. At low levels of mitochondrial activity (intra-
cellular JC-1 exists as a monomer) the fluorescence of the JC-1
probe was read with the Green PMT (525/30 nm BP filter) and at
high levels of mitochondrial activity (formation of JC-1 aggregates)
the fluorescence was read using the Yellow PMT (583/26 nm BP
filter). Highmitochondrial activity was defined as the percentage of
cells positive for the formation of JC-1 aggregates from the total
gated population.
2.4.2.5. Assessment of membrane fluidity. Frozen-thawed sperm
were washed as above and membrane fluidity was assessed using
the fluorescent probe Merocyanine 540 (M540; Ex/Em:540/578;
Sigma, Arklow, Wicklow, Ireland) and an adapted method from
[60]. M540 becomes more fluorescent as membrane fluidity in-
creases due to intercalation. The viability probe SYTO 62 (5 mL; Ex/
Em: 652/676; Life Technologies, Carlsbad, CA, USA) works in a
similar manner to SYTO 16, however, fluoresces at a high wave-
length. SYTO 62 was firstly added to the samples to give a final
concentration of 200 nM and incubated in the dark for 15 minutes
at 37 C. Immediately post incubation, M540 (5 mL) was added to
the give a final concentration of 10 mM and incubated for a further
15 minutes. Fluorescence of SYTO 62 was read with the Red2 PMT
(661/19 nm BP filter) and M540 with the Yellow PMT (583/26 nm
BP filter). High membrane fluidity was defined as the percentage of
viable sperm positive for M540, from the total gated population,
P0.1 Population.
2.5. Fatty acid analysis of sperm, seminal plasma and feed
Semenwas collected and 10mL of raw ejaculatewas centrifuged
at 2000 g for 10 minutes at 4 C. The top 4 mL of SP was snap frozen
in liquid nitrogen in 1 mL aliquots and the remainder of the SP was
discarded. Phosphate Buffered Saline (PBS; 5 mL) was slowly added
and the sperm pellet disturbed, following which, each sperm
sample was centrifuged as above, to remove any excess seminal
plasma. The sperm pellet was then snap frozen in liquid nitrogen
and stored at -80 C until use. A representative sample of feed (50g)
of both the Ctl diet and All-G-Rich supplement were taken on
weeks one, eight and 19 and frozen. The three feed samples within
diet/supplement were pooled prior to analysis.
Fatty acid analysis was conducted using gas liquid chromatog-
raphy (GLC; Varian 3400; JVA Analytical) procedures. Briefly, total
lipids were extracted from the full re-suspended sperm pellet, 1 mL
of SP and 10g of both feed samples and they were purified with
chloroform-methanol (2:1, v/v; Thermo Scientific) according to the
method of Folch, Lees and Sloane-Stanley [33]. Methylation of fatty
acid methyl esters (FAME) was performed using in situ trans-
esterification; firstly, with 10 mL of 0.5 NaOH (Sigma Aldrich,
Arklow, Wicklow, Ireland) in methanol for 10 minutes at 90 C,
followed by 10 mL of 14% boron trifluoride (BF3) in methanol
(Sigma Aldrich, Arklow,Wicklow, Ireland) for 10minutes at 90 C as
described by [34]. FAME were recovered with hexane (Fisher Sci-
entific, Dublin, Ireland). Before GLC analysis, samples were dried
over 0.5 mg anhydrous sodium sulfate (Sigma Aldrich, Arklow,
Wicklow, Ireland) for 1 hour and stored at -20 C. FAME were
separated by GLC fitted with a flame ionization detector using a
Chrompack CP Sil 88 column (100 m  0.25 mm internal diameter
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and 0.20 mm film thickness, Chrompack; JVA Analytical) and Heli-
um as a carrier gas. The column oven was programmed initially at
80 C for 8 minutes and then increased by 8.5 C per min to a final
column temperature of 200 C. The injection volume used was 1 mL
with an automatic sample injection of SPI 1093 splitless on-column
temperature-programmable injector. Peaks were integrated by
using the Varian Star Chromatography Workstation (version 6.0;
Agilent Technologies, CA, USA) and identified by comparison of
retention times with pure FAME standards (Nu-Chek Prep). The
percentage of individual fatty acids was calculated according to the
peak areas relative to the total area (total fatty acids were set at
100%). All fatty acid data are presented as means ± SEM in g/100g
FAME.
2.6. Total antioxidant capacity
SP was analyzed for TAC using an adapted version of the 2,2’-
azino-bis-3-ethylbenzthiazoline-6-sulfonic acid (ABTS$þ) radical
[35]. A commercial antioxidant assay kit (SigmaeAldrich, Arkliw,
Co. Wicklow, Ireland), which included ABTS reagent, equine heart
myoglobin, Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid), and 3% hydrogen peroxide (H2O2) was used to
determine TAC. Trolox was used for standard antioxidant solutions,
ranging from 0 to 0.42 mM, for assay, calibration and preparation of
a standard curve. SP samples were thawed at ambient temperature.
In a 96-well plate, myoglobin was added to standards or thawed
samples (2:1), whereas H2O2 was added to the ABTS substrate to
activate it before its addition to each well. The plate was incubated
for 5 minutes at ambient temperature before absorbance was
assessed at 405 nm by using an ultra microplate reader (BioTek,
Winooski, VT, USA). The absorbance of each sample was assessed in
triplicate with the average value inserted in the equation of the line
for the Trolox calibration curve to determine the TAC of the sam-
ples, expressed as millimolar Trolox equivalents per liter of SP.
2.7. In vivo fertility
Liquid semen from 60 boars was used (n ¼ 20, 21 and 19 for the
Ctl, 75 and 150g All-G-Rich treatments, respectively) and sows
were inseminated twice, on consecutive days, with semen from the
same boar under commercial conditions. Field fertility data was
recorded from 1158 sows inseminated with liquid semen (n ¼ 427,
400 and 331 for the Ctl, 75 and 150g All-G-Rich treatments,
respectively) across 27 commercial farms. Inseminations conduct-
ed pre week eight were excluded from the statistical analysis to
allow for a complete spermatogenetic cycle to be complete [54].
Litter size was recorded as total number of piglets born per litter for
both primiparous (n ¼ 144) and multiparous (n ¼ 1014) sows.
Farrowing rate (number of farrowings/number of inseminations *
100) and litter size data were based on inseminations carried out
between weeks eight and 19 of the trial.
2.8. Statistical analysis
Statistical analysis was conducted on all data post week 8
(indicated by a broken vertical red line in Fig. 2). Data were
examined for normality of distribution (ShapiroeWilk test), tested
for homogeneity of variance, transformed where appropriate and
analyzed in the Statistical Package for the Social Sciences (SPSS
software; version 20.0, IBM, Chicago, IL). Sperm viability data for
liquid semen were transformed using a BoxeCox transformation
(l ¼ 3.07). The transformed data were used to calculate the P
values, however, the corresponding estimated marginal means and
the standard error of the non-transformed data are presented in the
results. Data were considered to be statistically significant with a P
value of less than0.05. Analysis of variance (ANOVA) was used to
analyze both on farm and post-thaw in vitro sperm assessments,
fatty acid profile, TAC and litter size data. Repeated measures
ANOVA was used for liquid semen in vitro sperm assessments and
chi-square for farrowing rate data. Correlations between sperm
DHA content were conducted for all in vitro and in vivo parameters
(Pearson correlationeParametric data; Spearman correla-
tioneNon-parametric data). Post hoc tests were carried out using
the Bonferroni test, and results reported as themean± the standard
error of the mean (SEM). Fixed effects included in the model were
treatment, day of storage, boar, breed, week and each fixed effect
was assessed for an interaction with treatment. If not statistically
significant (P > 0.05), effects were subsequently excluded from the
model. The final model for all six analysis included; (i) on farm
collection records; treatment, week, and treatment by week
interaction, (ii) in vitro analysis of liquid semen; treatment, day, day
by treatment interactions, (iii) in vitro analysis of frozen-thawed
semen; treatment, (iv) fatty acid analysis of sperm and seminal
plasma; treatment, (v) total antioxidant capacity; treatment, day
and treatment by day interaction and (vi) in vivo fertility; treat-
ment, boar, breed and farm.
3. Results
3.1. Semen quality immediately post collection
There was no effect of week by treatment interaction on semen
volume, sperm concentration and or total sperm number (P < 0.05).
Although, therewas a numerical increase in semen volume over the
duration of the trial for both 75 and 150g All-G-Rich treatments,
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Fig. 1. Semen volume (upper panel) and total sperm number (lower panel) from boars
supplemented with 0 (Ctl; n ¼ 31 boars), 75g (n ¼ 31 boars) and 150g (n ¼ 30 boars)
All-G-Rich (a DHA-rich algal commercial supplement) per day over a 14 week period.
Data to the right of the broken line (indicates the completion of one spermatogenic
cycle) were used for statistical analysis. Vertical bars represent ± SEM ab Differing
superscripts differ between treatments (P < 0.01).
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there was no effect of week (P > 0.05). There was an effect of
treatment on semen volume with boars consuming 75g All-G-Rich
producing a larger semen volume than the Ctl treatment (P < 0.05;
Fig. 1). There was no effect of treatment on sperm concentration
(P > 0.05). In line with the differences in semen volume, there was
an effect of treatment on total sperm number (P < 0.01; Fig. 1) as
boars consuming 75g All-G-Rich had a higher total sperm number
than the Ctl treatment (P < 0.01). There was no effect of treatment
on gross motility or on the percentage of abnormalities (P > 0.05).
There was no effect of treatment on the percentage of primary and
or secondary abnormalities (P > 0.05).
3.2. In vitro analysis of liquid semen
There was no day by treatment interaction on motility, viability
and acrosomal integrity (P > 0.05). There was no effect of treatment
on liquid semen quality as assessed in vitro (P > 0.05). However,
viability, acrosomal integrity (Fig. 2) and motility of sperm declined
with increasing duration of storage in all treatments (P < 0.05).
While there was no effect of treatment on hypotonic resistance
(P > 0.05), the 180 mOsm treatment had the greatest variation
between treatments and hence, was selected for further analysis.
When assessed at 180 mOsm, there was no effect of day of storage,
treatment, or treatment  day interaction (P > 0.05) on the hypo-
tonic resistance of sperm in all three treatments. Unexpectedly, the
percentage of hypotonic resistant sperm in all treatments increased
from Day one of storage to Day 3 (P < 0.01) but declined thereafter
(P < 0.01).
3.3. In vitro analysis of frozen-thawed semen
There was no week by treatment interaction on post-thaw
motility, motility post thermal stress, viability, mitochondrial ac-
tivity or membrane fluidity of frozen-thawed semen (P > 0.05).
There was no effect of treatment on any frozen-thawed semen
parameters assessed any frozen-thawed semen parameters
assessed (P > 0.05). As expected, there was an effect of time on
thermal stress (P < 0.01) with an average total motility at T0 of
29.9 ± 2.49, 26.6 ± 2.35 and 27.2 ± 1.89% versus 22.6 ± 1.77,
18.9 ± 1.44 and 18.9 ± 1.23% at T30, for the Ctl, 75 and 150g All-G-
Rich treatments, respectively.
3.4. Fatty acid composition of seminal plasma and sperm
There was an effect of treatment on the fatty acid profile of SP
(P < 0.05) with a decrease in adrenic and palmitoleic acid (P < 0.05)
in the 75 and 150g All-G-Rich treatments in comparison to the Ctl
treatment. Palmitic acid was the main SFA in SP followed by steric
acid, while, DHA and linoleic acid were themost abundant omega-3
and omega-6 fatty acids, respectively (Table 3). DHA content in SP
was low (<2%) and although it was numerically higher in the 150g
All-G-Rich treatment compared to the Ctl this was not significant.
There was an effect of treatment on the FAC of sperm, which was
represented by an increase in DHA (P < 0.01) and a decrease in
docosapentaenoic acid (DPA; P < 0.01) in the 75 and 150g All-G-
Rich treatments compared to the Ctl (Table 4). The DPA:DHA ratio
of the 75 and 150g All-G-Rich treatments was more than quarter of
that of the Ctl treatment (P < 0.01). In linewith the objectives of the
study, the largest alteration in sperm FAC was a 1.72 and 1.60 fold
increase in sperm DHA content for 75 and 150g All-G-Rich treat-
ments, respectively, in comparison to the Ctl treatment. However,
there was no correlation between the sperm DHA content and
motility, viability, acrosomal integrity, mitochondrial activity,
membrane fluidity or farrowing rate (P > 0.05). The supplemen-
tation of All-G-Rich decreased sperm concentrations of total n-3
PUFAs by 1.09 fold and decreased n-6 PUFA concentrations by 1.10
fold. Consequently, the ratio of n-6 to n-3 PUFAs decreased signif-
icantly in the 75 and 150g treatments in comparison to the Ctl
treatment (P < 0.01).
3.5. Total antioxidant capacity of seminal plasma
There was no week by treatment interaction on TAC of SP
(P > 0.05). There was no effect of treatment on TAC of SP (P > 0.05).
Surprisingly, there was an increase in TAC over the duration of the
supplementation period in all treatments (P < 0.01) with an in-
crease of 0.49 ± 0.029 to 0.65 ± 0.060, 0.47 ± 0.023 to 0.67 ± 0.043
and 0.44 ± 0.019 to 0.67 ± 0.038 mM Trolox equivalents for the Ctl,
75 and 150g All-G-Rich treatments fromweek 0 to 18, respectively.
3.6. Field fertility
There was no effect of treatment on farrowing rate or litter size
(P > 0.05). The mean farrowing rate for the 75 and 150g All-G-Rich
treatments were 77 and 75%, respectively compared to 73% for the
Ctl treatment with an average farrowing rate of 75± 1.3%. The total
piglets boar (dead and or alive) were 13.8 ± 0.22, 13.4 ± 0.23 and
13.4 ± 0.25 piglets for the Ctl, 75 and 150g All-G-Rich treatments,
respectively.
4. Discussion
This study takes advantage of an animal model which facilitates
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Fig. 2. Viability (lower panel) and acrosomal integrity (upper panel) of sperm stored as
liquid semen collected form boars supplemented with 0 (Ctl), 75 and 150g All-G-Rich
(a DHA-rich algal commercial supplement; n ¼ 12 boars per treatment) per day and
assessed on Days 1, three and six post collection. Vertical bars represent ± SEM ab
Differing superscripts differ between days (P < 0.01).
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with detailed cellular assessments of sperm function. This novel
study has demonstrated that dietary supplementation of All-G-
Rich, is effective at incorporating DHA into sperm, and while
there was no effect of dietary supplementation on semen quality as
assessed in vitro or in vivo, boars supplementedwith 75g All-G-Rich
daily, had a significantly higher semen volume and thus, total
sperm numbers compared to the control treatment.
In this current study, the addition of both 75 and 150g All-G-
Rich in the diet of boars significantly increased the FAC of sperm
cells by 1.72 and 1.60 fold, respectively, compared to the Ctl treat-
ment, which is in agreement with Castellano et al. [36], Am-In et al.
[14] and Rooke et al. [5]. Although an effect on the level of DHAwas
recorded in sperm there was no effect observed in SP, thus, indi-
cating a concentrating effect, most likely in the sperm membrane.
This increase in sperm DHA content resulted in a significant
reduction in docosapentaenoic acid (DPA) which may indicate that
both fatty acids have similar metabolic pathways [37]. This is
similar to the findings of Castellano et al. [20] who reported that the
inclusion of three different fish oil diets, containing a variety of
omega-3 sources, resulted in an increase in the proportion of
omega-3 FAs in sperm, specifically DHA.
In agreement with the current work a number of studies which
have supplemented the diet of boars with various fish oils such as
tuna oil [5], menhaden oil [20,37] and shark liver oil [12] have
successfully increased the DHA content of sperm. However, the
aforementioned studies have inconsistent results in relation to the
effect of dietary supplementation of fish oil on sperm number as
well as in vitro quality and critically, none of these studies assessed
in vivo fertility. A number of studies have also shown that a high
proportion of DHA in boar sperm has been positively correlated
with increased sperm concentration and total sperm number
[15,38] as well as increased motility, viability and normal
morphology [14]. Although, sperm concentration, motility and the
percentage of abnormalities did not differ in this current study,
immediately post-collection, a significant increase in semen vol-
ume was evident in the 75g All-G-Rich treatment, leading to an
approximately 10% increase in total sperm number. Considering
that a typical AI dose contains between two and 3  109 sperm this
would provide 3 to 4 more semen doses per ejaculation. These
results are supported by the findings of Maldjian et al. [38] and
Estienne et al. [6] which demonstrated that dietary supplementa-
tion of boars with 3% fish oil and an omega-3 supplement,
respectively, resulted in a significant increase in the total number of
sperm per ejaculate, thus, resulting in an increase in the number of
potential AI doses. A possible explanation for an increase in semen
volume and thus, total sperm number, may be due to an increase in
ejaculation time, as reported by Estienne et al. [6]. However, as
sperm are not isolated entities it is important to note that dietary
supplementation of omega-3 fatty acids may also play a role on
testicular development and function such as the regulation of ste-
roidogenesis and so a change in sexual behavior such as increased
libido as a result of enhancing the production of testosterone may
be another explanation for increased semen volume and total
sperm number [37]. However, neither ejaculation time nor testos-
terone concentrations were recorded in this study.
Despite the significant alteration in lipid composition in the
current study there was no effect of dietary supplementation of All-
G-Rich on semen quality as assessed in vitro. Motility, viability,
acrosomal integrity and hypotonic resistance declined as expected
with the duration of in vitro storage of liquid semen, but was not
affected by dietary treatment. This decrease in sperm quality with
increasing duration of storage is well described in the literature
[39,40] and is in part due to the production of reactive oxygen
species (ROS) associatedwith sperm aging [41]. In the current study
dietary supplementation of All-G-Rich had no effect on sperm
motility or on post-thaw semen quality as assessed in vitro. No
Table 3
Fatty acid composition (mean ± SEM) of seminal plasma collected on Day 126 of the trial from boars supplemented with 0, 75 and 150g All-G-Rich (a DHA-rich algal com-
mercial supplement; n ¼ 12 boars per treatment) per day. Values are g/100 g FAME.
Fatty acid Treatment P value
Seminal plasma Effect of treatment
0 g (%) 75 g (%) 150 g (%)
Enanthic acid (C7:0) 1.1 ± 0.81 2.3 ± 0.73 2.8 ± 1.26 ns
Lauric acid (C12:0) 3.8 ± 0.56 4.9 ± 0.38 3.5 ± 0.38 ns
Tridecuclic acid (C13:0) 7.3 ± 10.37 1.8 ± 2.98 3.7 ± 10.88 ns
Dimethylacetals (DMA) 18.3 ± 3.39 18.9 ± 2.59 23.3 ± 3.71 ns
Myristoleic acid (C14:1t) 1.3 ± 0.57 1.6 ± 0.30 2.0 ± 0.36 ns
Myristoleic acid (C14:1c) 0.1 ± 0.16 0.1 ± 0.10 0.2 ± 0.05 ns
Palmitolic acid (C16:1t) 15.6 ± 3.71 16.2 ± 1.76 12.4 ± 1.94 ns
Palmitoleic acid (C16:1c) 3.9 ± 1.14a 1.9 ± 0.35b 1.8 ± 0.41b P < 0.05
Elaidic acid (C18:1t) 0.1 0.3 ± 0.10 0.4 ± 0.07 ns
Myristic acid (C14:0) 2.7 ± 0.44 2.3 ± 0.23 2.8 ± 0.43 ns
Palmitic acid (C16:0) 22.8 ± 2.43 24.3 ± 2.02 21.6 ± 1.78 ns
Stearic acid (18:0) 9.2 ± 1.03 10.7 ± 0.71 9.6 ± 0.74 ns
Oleic acid (C18:1 n-9) 7.2 ± 1.21 7.6 ± 0.77 8.4 ± 0.74 ns
n-6 PUFA
Adrenic acid (C22:4) 0.6 ± 0.33a 0.3 ± 0.05b 0.6 ± 0.11ab P < 0.05
Linoleic acid (C18:2) 1.5 ± 0.23 1.5 ± 0.12 1.9 ± 0.32 ns
Arachidonic acid (C20:4) 0.6 ± 0.23 0.5 ± 0.13 0.9 ± 0.12 ns
n-3 PUFA
a-Linolenic acid (C18:3) 0.3 ± 0.12 0.2 ± 0.09 0.2 ± 0.013 ns
DPA (C22:5) 1.2 ± 0.79 nd 0.1 ns
DHA (C22:6) 1.0 ± 0.39 0.8 ± 0.11 1.4 ± 0.28 ns
n-6 familyx 2.7 ± 0.03a 2.4 ± 0.03b 3.4 ± 0.07c P < 0.01
n-3 familyy 2.5 ± 0.19a 1.1 ± 0.03b 1.7 ± 0.06c P < 0.01
n-6 to n-3 ratio 1.1 ± 0.21a 2.2 ± 0.06b 2.0 ± 0.02c P < 0.01
abc Differing superscripts differ between treatments (P < 0.01).
NS, not significant; PUFA, polyunsaturated fatty acid; nd, not detected; FAME, fatty acid methyl ester
xC18:2 þ C20:4 þ C22:4.
yC18:3 þ C22:5 þ C22:6.
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beneficial action of PUFAs on the freezability of boar semen was
exhibited as the cryogenic process, regardless of treatment, was
found to be detrimental to the sperm cells. This resulted in a
significantly lower viable and motile sperm population in com-
parison to liquid semen, thus, supporting the observations of Pau-
lenz et al. [42]. However, centrifugation, although is a necessary
step in the boar sperm cryopreservation protocol as it facilitates the
removal of SP and concentrates sperm for redilution with cryo-
preservation extender, is also damaging to sperm [43]. Thus,
centrifugation may have contributed to the lower viability and
motility socres recorded for frozen-thawed semen in this study. It
should also be noted, that this study used boars of proven fertility
and, therefore, it may be that the supplementation of algae may be
more beneficial to boars with poor semen quality.
In comparison to liquid semen samples, post-thaw motility and
viability of frozen-thawed semen samples was lower for all treat-
ments. Although viability and mitochondrial activity of frozen-
thawed semen was low, membrane fluidity was high for all treat-
ments. This membrane stabilization was also evident in the liquid
stored semen as the number of sperm with intact acrosomes
remained high throughout the duration of storage, irrespective of
treatment. Previous studies, involving the addition of omega-3
fatty acids in the diet of boars, such as those conducted by Pau-
lenz et al. [42], Maldjian et al. [38], Waterhouse et al. [44] and
Castellano et al. [36] have indicated that the cryopreservation
process has a detrimental impact on sperm characteristics such as
motility, viability and acrosomal integrity in comparison to liquid
semen, thus, supporting the findings in this study. However,
Kaeoket et al. [45] reported that the in vitro addition of fish oil into
boar semen freezing extender had a beneficial effect on subsequent
post-thaw motility, viability and acrosomal integrity suggesting it
may be beneficial to add an omega-3 supplement directly into the
semen extender rather than through dietary supplementation
alone.
A high proportion of PUFAs, especially DHA, within sperm
membranes has been demonstrated to render the cell susceptible
to oxidative damage by ROS [46], due to the presence of double
bonds, ultimately leading to the impairment of sperm function
([47], [48]). It is well known that PUFA's play a role in improving the
TAC of sperm as a balanced omega-6 to omega-3 fatty acid ratio in
the diet of breeding boars enhances, not only the development of
the testis, but also accessory sex gland function [58]. The DHA
packed dietary supplement used in this study, All-G-Rich, also
contains Ethoxyquin, which is a synthetic antioxidant and is also
known for having a high antioxidant capacity [28]. However, the
level of TAC in this study increased irrespective of treatment. It is
difficult to explain why TAC increased for the Ctl treatment but it
may be due to seasonal changes in antioxidant defense systems
within seminal plasma as described by Koziorowska-Gilun et al.
[49] as the trial commenced in early spring and continued until
early summer.
In this current study, dietary supplementation with All-G-Rich
did not affect either farrowing rate or litter size following insemi-
nation with liquid semen. This result was not surprising as the
in vitro analysis, of raw, liquid and frozen-thawed semen demon-
strated no beneficial sperm quality effects. There are a limited
number of studies which have assessed the in vivo fertility in boars
following dietary supplementation of omega-3 PUFAs and all
studies to-date have focused on fish oil as the source of omega-3
fatty acids. In this study, overall farrowing rate (~75%) was
marginally lower, in comparison to the average farrowing rate
recorded within the pig industry for liquid semen (80% to 85%;
Table 4
Fatty acid composition (mean ± SEM) of sperm collected on Day 126 of the trial from boars supplemented 0, 75 and 150g All-G-Rich (a DHA-rich algal commercial supplement;
n ¼ 12 boars per treatment) per day. Values are g/100 g FAME.
Fatty acid Treatment P value
Sperm Effect of treatment
0 g (%) 75 g (%) 150 g (%)
Enanthic acid (C7:0) 0.2 ± 0.06 0.3 ± 0.05 0.4 ± 0.09 ns
Lauric acid (C12:0) 0.9 ± 0.15 0.8 ± 0.07 0.8 ± 0.14 ns
Tridecuclic acid (C13:0) 2.2 ± 2.20 2.6 ± 3.48 3.2 ± 2.74 ns
Dimethylacetals (DMA) 11.4 ± 2.05 15.0 ± 2.01 15.4 ± 2.6 ns
Myristoleic acid (C14:1t) 1.2 ± 0.31 1.8 ± 0.33 1.7 ± 0.29 ns
Myristoleic acid (C14:1c) 0.1 ± 0.07 0.2 ± 0.04 0.2 ± 0.06 ns
Palmitolic acid (C16:1t) 1.0 ± 0.33 0.4 ± 0.08 0.3 ± 0.33 ns
Palmitoleic acid (C16:1c) 1.6 ± 0.48 1.1 ± 0.16 1.1 ± 0.31 ns
Elaidic acid (C18:1t) 1.9 ± 0.52 2.3 ± 0.15 2.7 ± 0.31 ns
Myristic acid (C14:0) 13.7 ± 0.87 12.2 ± 0.98 12.8 ± 1.31 ns
Palmitic acid (C16:0) 16.4 ± 0.76 15.4 ± 1.05 16.5 ± 0.87 ns
Stearic acid (18:0) 6.3 ± 0.36 6.2 ± 0.38 5.6 ± 0.37 ns
Oleic acid (C18:1 n-9) 2.0 ± 0.40 1.6 ± 0.28 1.1 ± 0.14 ns
Mead acid (C20:3 n -9) 1.0 ± 0.07 1.0 ± 0.06 0.9 ± 0.09 ns
n-6 PUFA
Adrenic acid (C22:4) 1.1 ± 0.07 0.7 ± 0.08 0.9 ± 0.07 ns
Linoleic acid (C18:2) 1.5 ± 0.13 1.4 ± 0.09 1.4 ± 0.10 ns
Arachidonic acid (C20:4) 1.7 ± 0.18 1.7 ± 0.12 1.6 ± 0.16 ns
n-3 PUFA
a-Linolenic acid (C18:3) 0.2 ± 0.04 0.3 ± 0.03 0.3 ± 0.02 ns
DPA (C22:5) 19.9 ± 1.61a 8.7 ± 0.73b 8.1 ± 0.79b P < 0.01
DHA (C22:6) 14.9 ± 1.49a 25.6 ± 2.03b 23.8 ± 1.73b P < 0.01
n-6 familyx 4.3 ± 0.03a 3.9 ± 0.01b 4.0 ± 0.03c P < 0.01
n-3 familyy 35.1 ± 0.50a 34.7 ± 0.59b 32.2 ± 0.49c P < 0.01
n-6 to n-3 ratio 0.1 ± 0.01a 0.1 ± 0.02b 0.1 ± 0.03c P < 0.01
DPA:DHA 1.3 ± 0.06a 0.3 ± 0.65b 0.3 ± 0.47c P < 0.01
abc Differing superscripts differ between treatments (P < 0.01).
NS, not significant; PUFA, polyunsaturated fatty acid; nd, not detected; FAME, fatty acid methyl ester.
xC18:2 þ C20:4 þ C22:4.
yC18:3 þ C22:5 þ C22:6.
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[50]). This lower farrowing rate is likely to be due to the use of
homospermic semen in the current study compared to the routine
practice, of the use of heterospermic semen [51], which has been
shown to enhance reproductive performance [52]. Results in the
current study correspond to Alm et al. [53] who reported a far-
rowing rate of 75.8% using homospermic inseminations. It should
also be noted that inseminations were conducted mainly on
purebred sows of both maternal and terminal lines and therefore,
lower farrowing rates would be expect due to the lack of heterosis
in sow fertility traits. The average litter size of ~14 piglets is com-
parable to the industry norm [55] and is greater than the homo-
spermic litter size of 12.4 ± 0.4 piglets reported by Ferreira et al.
[51].
5. Conclusion
In conclusion, this study provides important insights into the
relationship between nutrition, semen composition, sperm quality
and fertility. Dietary supplementation of algae altered the FAC of
the sperm, increased semen volume and total sperm numbers but
had no effect on any other semen quality parameter as assessed
in vitro or in vivo. The ability of sperm to incorporate DHA into the
membrane indicates a concentrating effect of DHA within the
sperm as this increase was not observed in SP. A significant increase
in semen volume and total sperm number seen with boars sup-
plemented 75g All-G-Rich daily resulted in an increase in produc-
tion of 3 to 4more doses per ejaculate, therefore, indicating that the
feeding regime described within this study has the potential for
increasing the output of boar studs.
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the title) 
The in vitro assessment of sex-sorted fresh and frozen bull sperm 
 
 
Summary:  (Your summary (Times New Roman 10) must use Body text  style and must not be longer than this box) 
Implications  
Grass based dairy production systems, such as in Ireland offer the opportunity to use sex-sorted fresh sperm on a 
commercial scale due to the short breeding season. 
 
Introduction 
The use of flow cytometry to sort X- and Y- bearing sperm is the only semen sorting technology available that gives a 
strong and reliable bias in offspring gender. However, previous reports have demonstrated significantly lower conception 
rates following the use of sex-sorted frozen-thawed sperm when compared to conventional frozen sperm (Healy et al., 
2013). The aim of this study was to assess the in vitro quality of X- and Y- sorted sperm processed in a fresh or frozen form 
and to compare it to conventional unsorted fresh and frozen sperm. 
 
Material and methods 
Experiment 1: Semen was collected from Holstein Friesian bulls (n = 9) at a commercial artificial insemination (AI) centre. 
Each ejaculate was split across 4 treatments and processed into 0.25 mL straws as follows (i) Unsorted fresh at 3 x 10
6
 
sperm/straw (Fresh unsorted 3M; control) (ii) X-sorted frozen at 2 x 10
6
 sperm/straw (Frozen X-sorted 2M) (iii) X-sorted 
fresh at 2 x 10
6
 sperm/straw (Fresh X-sorted 2M) and (iv) X-sorted fresh at 1 x 10
6
 sperm/straw (Fresh X-sorted 1M). A 
fifth treatment of unsorted frozen at the routine dose of 20 x 10
6
 sperm/straw (Frozen unsorted 20M), was commercially 
sourced from AI centres from previous ejaculates (n=3) of the same bulls. On Day 1, 2 and 3 post-sorting each sample was 
assessed in vitro for progressive linear motility (PLM) of the motile sperm population, agglutination and morphology using 
microscopy based techniques. In addition, viability and acrosomal status were assessed with a flow cytometer using the 
fluorescent probes Propidium Iodide (12 µM) and Alexa Fluor 647 (6 µg/mL), respectively, while the proportion of live 
sperm positive for the superoxide anion was assessed using the fluorescent probe MitoSOX Red (4 µM) and the dead stain 
SYTOX Green (0.25 µM). Experiment 2: Semen from Aberdeen Angus bulls (n=4) was collected and transported as per 
Experiment 1. Each ejaculate was split across 4 treatments as follows (i) Unsorted fresh 3 x 10
6
 sperm/straw (Fresh unsorted 
3M; control) (ii) Y-sorted fresh at 1 x 10
6
 sperm/straw (Fresh Y-sorted 1M) (iii) Y-sorted Fresh at 2 x 10
6
 sperm/straw 
(Fresh Y-sorted 2M) and (iv) X-sorted fresh at 2 x 10
6
 sperm/dose (Fresh X-sorted 2M). As per Experiment 1, unsorted 
frozen at 20 x 10
6
 sperm/straw (Frozen unsorted 20M) was sourced from previously collected ejaculates as a control. In 
vitro analysis was carried out as per Experiment 1. Data were examined for normality, transformed where appropriate and 
analysed using repeated measures in Statistical Package for the Social Sciences (SPSS; version 20.0). The model included 
the main effects of day, treatment and day x treatment interactions.  
 
Results 
Experiment 1: The proportion of viable sperm was not affected by day of storage but was affected by treatment (P<0.001) 
with an average % alive of 65.3, 89.7, 84.2, 86.4 and 42.3 for the fresh unsorted 3M, frozen X-sorted 2M, fresh X-sorted 
2M, fresh X-sorted 1M and frozen unsorted 20M treatments, respectively. The two sex-sorted fresh treatments had higher 
levels of agglutination in comparison to the other treatments (P<0 .001). The fresh unsorted 3M treatment had the highest 
proportion of sperm with PLM (P<0.05). There was no effect of treatment on the proportion of acrosome-reacted sperm or 
live sperm positive for superoxide production. Experiment 2: Trends from Experiment 1 were mirrored in Experiment 2. 
The three fresh sex-sorted treatments had higher levels of agglutination when compared to the other treatments (P<0.001). 
PLM was highest in the frozen unsorted 20M treatment (P<0.05) while, the fresh sex-sorted treatments had the highest % 
alive (P<0.001). Unlike Experiment 1, there was an effect of treatment on the proportion of live sperm positive for 
superoxide anion (P<0.05), represented by greater oxidative stress in the unsorted treatments. 
 
Conclusion 
Sex-sorting sperm yielded a higher population of viable sperm. When stored fresh, high levels of agglutination were 
observed which may have negative effects on subsequent pregnancy rates. 
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This study aimed to assess the effect of seminal plasma (SP) from bulls of high and low 
fertility, based on 2014 pregnancy rates (mean 67 vs 42%), on sperm function. Testes were 
recovered from mature bulls at slaughter. The caudal epididymides were flushed with 
phosphate-buffered saline (~3 mL) and sperm samples with >60% motility from 3 bulls were 
pooled. Pooled sperm were incubated with SP (1:4) of high (n=3) and low (n=3) fertility bulls 
for 20 min at 38
o
C. Sperm were then processed in one of three ways (i) washed via 
centrifugation, used for in in vitro fertilisation (IVF) and assessed for cleavage and blastocyst 
rate (ii) as fresh semen by diluting in Caprogen diluent, loading into 0.25 mL straws at 3x10
6 
sperm per straw and assessed on Days 1, 2, 3, and 5 post packaging for motility, viability and 
mitochondrial membrane potential (MMP) or (iii) as frozen semen by diluting in Bioxcell, 
loading into 0.25 mL straws at 20x10
6
 sperm per straw and assessed for post thaw motility, 
viability and membrane fluidity (MF). A minimum of 6 replicates were carried out per 
treatment There was no effect of SP on cleavage or blastocyst development after IVF, 
viability (fresh/ frozen) or MF. Motility of liquid semen declined with day (P<0.01), whereas, 
MMP increased with 3 days storage. Under the conditions of this study, SP had no effect on 
epididymal sperm function as assessed in vitro. 
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apolipoprotein, apoA-I, in the relevant molecular weight
band on the gels.
This proteomic approach confirmed the presence of
apoA-I in fractions 7–10 of follicular fluid and fractions
8–10 of oviductal fluid. This indicates that HDLs in ovine
follicular and oviductal fluid can be isolated using iodix-
anol and density ultracentrifugation. The establishment of
this protocol in sheep provides an opportunity to investi-
gate the function of HDLs as potential cholesterol acceptors
from ram spermatozoa during in vitro capacitation, which
will be the focus of future studies.
http://dx.doi.org/10.1016/j.anireprosci.2016.03.064
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The effect of antioxidants on the in vitro
quality of fresh bull sperm stored in an
egg yolk based diluent
S.A. Holden 1, P. Lonergan 2, S. Fair 1,∗
1 Department of Life Sciences, Faculty of
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This study assessed the effect of antioxidants on the
in vitro quality of fresh bull sperm. Experiment 1: caprogen
diluent was prepared containing a range of antioxidants;
l-carnitine (0, 2.5, 10, 20 mM), Crocin (0, 0.5, 1.5, 2 mM),
-Tocopherol (0, 0.075, 0.4, 1 mM), Quercetin (0, 50, 175,
250 M) and Catalase (0, 150, 250, 500 IU). Ejaculates
(n = 3) were diluted to 12 × 106 sperm/mL in each respec-
tive diluent, incubated at 37 ◦C and assessed for superoxide
production and acrosome integrity using flow cytome-
try at 0, 1, 2 and 4 h. Experiment 2: Caprogen diluent
was prepared containing the antioxidants l-carnitine (0,
0.5, 2.5, 5, 10, 20 mM), Crocin (0, 0.25, 0.5, 1, 1.5, 2 mM),
-Tocopherol(0, 0.025, 0.075, 0.15 0.4, 0.8, 1 mM) and
Quercetin (0, 20, 50, 100, 175, 250 M). Ejaculates (n = 9)
were diluted to 12 × 106 sperm/mL in respective diluents,
packaged in 0.25 mL straws and stored at 16–18 ◦C. Motility
and kinematic parameters were assessed using computer
assisted sperm analysis while membrane fluidity and lipid
peroxidation were assessed using flow-cytometry on days
0, 1, 3 and 5 post collection. Data were analysed using
the repeated-measures analysis of variance in the Statis-
tical Package for the Social Sciences (SPSS; version 22.0,
IBM, Chicago, IL). Experiment 1: there was no treatment or
time × treatment interaction on superoxide production or
acrosome integrity (P > 0.05). However, there was an effect
of time with regard to catalase as all treatments at 4 h incu-
bation had greater acrosome intact populations compared
to the control (P < 0.05). Similarly, with Quercetin treat-
ments, superoxide production was lowest at 2 h (P < 0.05)
but increased thereafter. Experiment 2: There was no effect
of any of the antioxidants on the in vitro parameters
assessed when compared to the control (P > 0.05). There
was an effect of day regarding most of the parameters
assessed (excluding membrane fluidity of Crocin treat-
ments) as motility declined and membrane fluidity peaked
on day 1. In conclusion, this study found modest benefits
in the inclusion of antioxidants in egg-yolk based diluents
used for the fresh storage of bull sperm.
http://dx.doi.org/10.1016/j.anireprosci.2016.03.065
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Role of EDTA as a chelating agent in
canine semen cryopreservation
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Increased capacitation of spermatozoa and premature
acrosome reaction reduce chances of fertilization. Since
calcium influx into sperm cells is involved in the acrosome
reaction, it has been suggested that high calcium concen-
trations found in sperm freezing media could increase the
risk of premature reactions. The objective of this study
was to evaluate dog sperm viability in freezing media of
various calcium concentrations, with EDTA as a calcium
chelator. Three ejaculates each of three mixed breed dogs of
good fertility were collected by manual stimulation. Imme-
diately after collection, volume, sperm concentration and
motility as well as the percentage of live and abnormal
sperm cells were determined in the sperm rich fraction.
The initial concentration of calcium was assayed by spec-
trophotometry (E-225D-Celm® – 370 nm; InVitro®) in the
two fractions. Fresh semen was divided into three aliquots
and suspended in the same volume of tris-citrate egg
yolk extender (Nutricell-SP-Brasil). Thereafter, a second
extender containing 12% glycerol and 1% Equex (Nutricell-
SP-Brasil) was added to obtain a final concentration of
100 × 106 spermatozoa/mL. EDTA solution was added at
different concentrations for the three aliquots: no EDTA;
0.1% EDTA; 0.25% EDTA). After thawing, calcium concen-
tration, sperm motility, viability and morphological defects
were immediately evaluated. Sperm plasma membrane
integrity and acrosomal membrane integrity were also
assessed with a fluorescent staining technique using a
combination of 2 L of PI (Sigma P4170), 100 L FITC-
PSA (Sigma L0770) and 200 L Hoëscht 33342 (Molecular
Probes H1399). In samples without EDTA, calcium concen-
trations were 14 times higher (21.23 ± 2.41 mg/dL) than in
fresh semen (1.52 ± 0.62 mg/dL). The addition of EDTA sig-
nificantly reduced the extracellular calcium concentrations
in both treatments (0.1% EDTA: 13.91 ± 1.48 mg/dL; 0.25%
EDTA: 3.98 ± 1.59 mg/dL) but values still remained high
compared with in fresh semen. No significant difference
Effect of Seminal Plasma on the Rheotaxis Response of Caudal Epididymal Sperm  
S.A. Holden1, P. Lonergan2, and S. Fair1 
1Department of Life Sciences, Faculty of Science and Engineering, University of Limerick, Limerick, 
Ireland 
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Rheotaxis is a phenomenon whereby motile cells or organisms orientate and swim against a fluid 
flow. Using a caudal epididymal sperm (CES) model this study sought to assess if seminal plasma (SP) 
affects the rheotaxis response of bull sperm. Semen was collected from bulls (n=3; 6 ejaculates) at a 
commercial artificial insemination centre. Each ejaculate was centrifuged at 4,000 g for 10 min at 
4oC. The SP was harvested, snap frozen in liquid nitrogen and stored at -80oC. Prior to assessment, SP 
was thawed on ice and slowly warmed to 32oC.Testes from mature bulls were collected from an 
abattoir, transported at 4oC and flushed of CES using pre-warmed phosphate buffered saline (PBS; 
37oC) within 3 h of slaughter. Only CES samples with >60% motility were used and flushings from 2-3 
testes from different bulls were pooled per replicate. Experiment 1: The effect of SP was assessed by 
incubating CES in SP (0, 50 and 100%; diluted with PBS) following which motility was assessed using a 
phase contrast microscope at 400x, at 1 h intervals for 6 h (n=3 replicates). Experiment 2: CES was 
incubated in 100% SP or no SP (control) prior to loading into the starting well (50 µL) of a 
microfluidic device (300 µm wide, 100 µm deep and 30 mm in length)  at a concentration of 20 x 106 
sperm/mL (n=6 replicates). Rheotaxis response was recorded as the distance the tenth sperm had 
travelled from the sample inlet at 2, 4, 6, 8, 10, 12 and 14 min against a flow of 30 μm/s as assessed 
on an inverted microscope. Data were analysed using repeated measures ANOVA in SPSS (Statistical 
Package for the Social Sciences; version 22.0, IBM, Chicago, IL) software and are presented as the 
mean±s.e.m. Experiment 1: Motility decreased over the 6 h incubation period in all treatments from 
an average of 62±2.9% to 10±5.1% for 1 and 6 h, respectively (P<0.05). There was a decrease in 
sperm motility incubated in 100% SP at 3 h compared to other treatments (P<0.05), however, this 
difference was not maintained throughout the rest of the incubation period as all treatments 
declined to the same level by 4 h. Experiment 2: There was a linear increase in the number of sperm 
progressing up the channel against the flow with increasing time (P<0.05). Sperm incubated in SP 
travelled faster and further during the assessment at all time points compared to those incubated 
without SP (P<0.05). In conclusion, this study indicates that SP can increase the rheotaxis response 
of sperm and may facilitate sperm transport to the site of fertilisation in the oviduct. 
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Title: (Use Normal style (Times New Roman 12). Only capitalise the first letter of the first word.  No full stop at the end of 
the title) 
Optimising the storage temperature and sperm concentration of liquid stored bull sperm  
 
Summary:  (Your summary (Times New Roman 10) must use Body text  style and must not be longer than this box) 
Implications The use of liquid stored bull semen is cost efficient and best utilises elite young sires in grass based 
production systems which have a short breeding season.  
 
Introduction Currently in Ireland, liquid bull sperm contains approximately 5 x 10
6 
sperm per insemination dose, is stored 
at unregulated ambient temperature and is inseminated within 2.5 days of collection due to concerns of declining fertility. 
We have recently shown that lower sperm concentrations reduce oxidative stress in liquid stored bull sperm (Murphy et al, 
2013) and this coupled with storage of sperm at 5°C, which has been shown to reduce metabolic activity, may be a viable 
way to extend the fertile lifespan of liquid stored bull sperm. The objective of this study was to evaluate the best storage 
temperature for liquid stored bull sperm stored in a range of sperm concentrations. 
 
Material and methods Semen was collected from Holstein Friesian, Norwegian Red, Limousin and Aberdeen Angus bulls 
at a commercial AI centre (5 collections with 3 bulls per collection). Sperm concentration was assessed and each ejaculate 
was diluted in a 5% egg yolk Caprogen diluent to a final concentration of 10 (T10), 5 (T5), 1 (T1) and 0.5 (T0.5) x 10
6 
sperm 
per 0.25 mL straw. For experiment 1, post packaging, straws were stored at either 15°C or 5°C and assessed in vitro on 
Days 0, 1, 3 and 5 post-collection (Day 0 = day of collection). On each assessment day, all sperm concentrations and 
temperature groups were evaluated for total motility (Phase-contrast microscope; 400X), viability, acrosomal status, DNA 
fragmentation and osmotic resistance (ORT; T10 only) by flow cytometry. For experiment 2, sperm was collected from 6 
bulls (Holstein Freisian, Aberdeen Angus and Hereford), diluted and packaged, as above, and stored at either 15°C, 5°C or 
fluctuated between 15 and 5°C (Flux) to mimic fluctuation from day to night time temperatures. For Flux, straws were 
submerged in a waterproof container, and incubated at either 15°C during the day or at 5°C at night, to allow a gradual 
temperature fluctuation. Sperm were assessed in vitro on Days 0, 1, 3 and 5 for total motility, viability and ORT. Flow 
cytometry plots were gated and 10,000 events were analysed. Data were examined for normality, homogeneity of variance 
and analysed using the repeated measures procedure in SPSS, with the exception of ORT which was analysed using the 
univariate procedure. The model included the main effects of day, sperm concentration, temperature, and their interactions.  
 
Results In experiment 1, storage at 15°C had greater motility post Day 1 in comparison with 5°C (P<0.001). There was no 
effect of sperm concentration on motility at 15°C, however, at 5°C, T0.5 had lower motility than both T10 and T5 (P<0.05). 
There was no effect of day, sperm concentration or temperature on viability, acrosomal status or DNA fragmentation. The 
ORT of sperm declined with duration of storage and this decline was greater at 15°C than at 5°C (P<0.001). In experiment 
2, the 15°C and Flux treatments maintained a greater motility post Day 3 (P<0.01; Fig. 1). For Flux, T10 and T5 maintained a 
greater motility than T0.5 (P<0.01). There was no effect of sperm concentration or temperature on viability. The 5°C and 
Flux treatment maintained a greater ORT post Day 3 in comparison with the 15°C treatment (P<0.001). 
 
Fig. 1: Experiment 2; the percentage of progressively motile sperm (mean of all sperm concentrations) at 15°C, 5°C, and 
Flux. Vertical bars represent ± s.e.m. 
 
Conclusion When stored at 15°C the motility of liquid stored bull sperm was retained for longer compared to storage at 
5°C. Despite this, sperm stored at 15°C had reduced membrane function as is evident by reduced osmotic resistance. 
However, storing sperm under controlled conditions, fluctuating between 15°C and 5°C, was not detrimental to either 
motility or osmotic resistance, compared to storage at 15°C or 5°C, respectively. 
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In Ireland, liquid bull sperm is stored at unregulated ambient temperature and is inseminated 
within 2.5 days of collection due to concerns of declining fertility. The objective of this study 
was to evaluate the effects of temperature and duration of storage on liquid sperm function. 
Semen was collected at a commercial AI centre (11 collections with 3 bulls per collection), 
sperm concentration was assessed and each ejaculate was diluted in an egg-yolk diluent to 
final concentrations of 10 (T10), 5 (T5), 1 (T1) and 0.5 (T0.5) x10
6 
sperm per 0.25 mL straw. 
Post packaging, straws were stored at one of seven temperature conditions; 5°C, 15°C, 22°C, 
32°C, Flux 15°C (fluctuated between 15°C and 5°C to mimic day and night conditions, 
respectively), Flux 22°C or Flux 32°C, and assessed in vitro on Days 0, 1, 3 and 5 post-
collection (Day 0 = collection day). On each assessment day, sperm were assessed for total 
progressive motility by microscopy, and viability, acrosomal status, DNA fragmentation and 
osmotic resistance test (ORT; T10 only) by flow cytometry. Data were examined for 
normality and analysed using repeated measures procedures in SPSS. The final model 
included the main effects of day, sperm concentration, temperature, and their interactions. 
There was no effect of day, sperm concentration or temperature on viability, acrosomal status 
or DNA fragmentation. Storage at 15°C or Flux 15°C had greater motility post Day 1 in 
comparison with all other treatments (P<0.01). ORT of sperm declined with duration of 
storage but post Day 3 this decline was reduced at 5°C and Flux 15°C (P<0.01). In 
conclusion, storage temperatures ranging from 5°C to 22°C are not detrimental to liquid bull 
sperm stored for up to Day 3 post-collection.  
Supported by the Irish Research Council. 
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swimming near the channel walls or in the centre at 5,
10, 15 and 20 mm distance from the sample inlet. A flow
rate of 30 m/s and a viscosity of 1 mPa s were used in
experiments 2–4. Data were transformed where appropri-
ate and analysed using repeated measures ANOVA. There
was an effect of flow velocity and time (P < 0.001) on
sperm progression. Sperm progressed furthest at a velocity
range of 20–50 m/s, with the optimum velocity for sperm
progression determined to be 30 m/s. Sperm progres-
sion was not influenced by change in the media viscosity
within the range tested (P > 0.05). Sperm that were hyper-
activated with caffeine were able to swim further than
non-hyperactivated sperm (P < 0.05). The percentage of
sperm swimming near the channel walls was higher than in
the channel centre (P < 0.001) and the percentage of sperm
swimming along the walls increased as they progressed
upstream (P < 0.001). This study provides novel insights
into bull sperm rheotaxis behaviour within a microchannel




The effect of dietary supplementation of
algae rich in docosahexaenoic acid on
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The objective of this study was to assess the effects
of dietary supplementation of a commercial algal prod-
uct (All-G-Rich, Alltech, Dunboyne, Co Meath, Ireland) rich
in docosahexaenoic acid (DHA) on boar fertility. Purebred
maternal and terminal line boars of proven fertility, were
individually housed and fed one of three experimental diets
for 19 weeks: (i) Control (Ctl) diet (n = 31), (ii) Ctl diet plus
75 g All-G-Rich per day (n = 31) or (iii) Ctl diet plus 150 g All-
G-Rich per day (n = 30). Parameters assessed were (i) raw
semen quality; volume, sperm concentration, motility and
morphology; (ii) liquid semen quality; progressive motil-
ity, viability, hypotonic resistance and acrosomal integrity;
(iii) frozen-thawed semen quality; motility, thermal stress,
viability, membrane fluidity and mitochondrial activity;
(iv) sperm and seminal plasma (SP) fatty acid composition
(FAC); (v) total antioxidant capacity (TAC) of SP and (vi) far-
rowing rates and litter sizes of sows (n = 1158) inseminated
with liquid semen. Data were analysed in the Statistical
Package for the Social Sciences (SPSS software; version
20.0, IBM, Chicago, IL). Boars consuming 75 g All-G-Rich had
a larger semen volume (P < 0.05) and a higher total sperm
number (P < 0.01) than the Ctl treatment, however, there
was no effect of treatment on any of the other raw semen
quality parameters (P > 0.05). There was no effect of dietary
treatment on the in vitro parameters assessed on liquid or
frozen-thawed semen, the FAC and TAC of SP or on far-
rowing rate and litter size (P > 0.05). There was an effect of
dietary treatment on the FAC of sperm, represented by an
1.71 and 1.75 fold increase in the DHA content for 75 g and
150 g treatments, respectively, compared to the Ctl treat-
ment. In conclusion, dietary supplementation of boars with
All-G-Rich successfully altered the FAC of sperm, increased
semen volume and total sperm number but had no effect
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The common hippopotamus was first included in the
list of endangered species in 2006 and listed as vulnerable
to extinction. The aim of this study was to describe the
morphology, morphometry and condensation of chromatin
from spermatozoa of the epididymis. Testis–epididymis
complexes were obtained from a male Hippopotamus
amphibius, 37 years old, which belonged to the Araçatuba
Zoo and died on 21/07/2015 due to Total Intestinal
Obstruction. The epididymides were dissected and divided
into caput, corpus and cauda. Semen samples from each
region were diluted in phosphate buffered saline (PBS)
solution for subsequent analysis. Sperm morphometry
and chromatin changes were evaluated by the toluidine
blue technique; sperm morphology by Cerovsky staining.
Results underwent analysis of variance and means were
compared according to Tukey’s test (P < 0.05). Concerning
sperm morphology, higher levels of proximal cytoplasmic
droplets were observed in the caput (25.0%), compared to
the corpus (9.5%) and cauda (2.0%) of the epididymis. The
opposite was observed for the distal cytoplasmic droplets,
revealing higher levels in the cauda (43.0%) than in the
corpus (28.0%) and caput (17.0%). Few other morphological
The In Vitro Addition of Docosahexanoic Acid (DHA) Improves the Quality of Cooled but not 
Frozen-Thawed Stallion Semen 
D.M. Silva1,2,3, S. Holden2, A. Lyons2, J.C. Souza3, S. Fair2 
1Instituto Federal de Educação, Ciência e Tecnologia do Sul de Minas Gerais – Campus Machado, 
Brazil, 2Department of Life Sciences, University of Limerick, Limerick, Ireland, 3Department of Animal 
Science, Universidade Federal de Lavras, Minas Gerais, Brazil.  
The aim of this study was to assess the effects of the in vitro addition of docosahexanoic acid (DHA) 
to cooled and frozen-thawed stallion semen. Three experiments were conducted whereby DHA was 
added (1) before freezing, (2) after thawing or (3) before cooling. In Experiment 1, three ejaculates 
from each stallion (n=10) were collected using an artificial vagina. Each ejaculate was diluted 1:1 in 
INRA96 extender (IMV, Technologies, Normandy, France) and centrifuged at 600 g for 10 min at 
32C. The pellet was diluted to 100 x 106 sperm/mL in Gent freezing extender (IMV), in the presence 
of 0.02 mM of vitamin E (VE) and 0, 1, 10 or 20 ng DHA/mL. Semen was cooled to 4°C for 2 h, 
packaged into 0.5 mL straws, frozen in a programmable freezer and stored under liquid nitrogen. 
Prior to assessment, straws were thawed at 37°C for 30 sec and semen was incubated at 32°C until 
analysis were completed. Total motility (TM) and progressive linear motility (PLM) were assessed 
using Computer Assisted Sperm Analysis Software (CASA). Membrane fluidity (MF), acrosome 
integrity (AI) and viability (VB) were assessed using flow cytometry. In Experiment 2, ejaculates (n=8) 
from three stallions were collected, centrifuged, diluted and frozen as per Experiment 1, but with no 
VE or DHA added prior to freezing. Post-thaw VE and DHA was added at the same concentrations as 
in Experiment 1 with the addition of an extra treatment with no VE or DHA. Semen was diluted to 25 
x 106 sperm/mL and incubated at 32°C for 120 min. TM and PLM were assessed using CASA at 30, 60 
and 120 min and VB, MF and AI using flow cytometry at 30 min. In Experiment 3, ejaculates (n=12) 
from four stallions were collected, centrifuged as in Experiments 1 and 2 and subsequently diluted in 
INRA96 to 20 x 106 sperm/mL.  Semen was divided into the same treatments as Experiment 2 and 
straws were kept at 4°C. After 1, 24, 48 and 72 h, straws were reheated to 32°C and TM, PLM were 
assessed on CASA and VB, MF and lipid peroxidation using flow cytometry. Data were analysed using 
ANOVA or repeated measures ANOVA (Statistical Package for the Social Sciences, version 22.0). All 
results are presented as mean±s.e.m. There was no effect of the addition of DHA to frozen semen, 
either when added prior to freezing (Experiment 1) or after thawing (Experiment 2) on any of the in 
vitro parameters (P>0.05). Conversely, in cooled semen, TM in the presence of 20 ng of DHA/mL was 
higher than in the control without VE (53±8.0 vs 26±5.2%; P<0.05). PLM in all the DHA treatments 
was higher than the controls (P<0.01). There was a treatment x incubation day interaction for MF 
(P<0.05). In treatments at 10 or 20 ng of DHA/mL, the percentage of sperm with high MF was higher 
than in controls (29±4.8 vs 17±3.7%; P<0.001). In conclusion, the addition of DHA had no effect on 
frozen semen quality as assessed in vitro but improved TM, PLM and MF in cooled stallion semen. 
The authors gratefully acknowledge support from FAPEMIG, Brazil. 
Effect of the in vitro addition of docosahexaenoic acid (DHA) and insulin-like growth factor 1 (IGF-1) 
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Good semen quality after the freeze/thaw process is important for later use of cryopreserved equine semen in 
artificial insemination. A way to improve semen quality is by adding some substances into extenders. 
Docosahexaenoic acid (DHA) is an omega-3-polyunsaturated acid which has been shown to improve the 
integrity of the sperm cell membrane during the temperature changes. Insulin-like growth factor 1 (IGF-1) is 
a protein hormone that helps mainly glucose and other energy sources to enter into sperm cells. This is the 
first report using the in vitro addition of DHA and IGF-1 simultaneously in stallion semen. The aim of this 
study was to assess the effect of the in vitro addition of DHA and IGF-1 to frozen-thawed stallion semen. 
Three ejaculates from each stallion (two Connemara Pony and one Selle Francais) were collected between 
February and March 2016 with a rest interval of at least 3 days and all ejaculates were processed 
individually. Semen collections were conducted at a commercial stud in Ireland using an artificial vagina. 
Following collection, the gel fraction was removed and total motility was assessed (minimum total motility 
of 70% was used). Each ejaculate was diluted in a 1:1 ratio using INRA 96 extender (IMV Technologies, 
L’Aigle, France) and centrifuged at 1000 g for 10 min at 32C. The pellet was diluted to 100 x 10
6
 sperm/mL 
in Gent freezing extender (Minitüb, Tiefenbach, Germany). Semen was then cooled to 4°C for 2 h, packed 
into 0.5 mL straws, frozen in a programmable freezer and stored under liquid nitrogen at -196°C. Straws 
were thawed at 37°C for 30 sec. Vitamin E was added at 0.02 mMol to prevent lipid peroxidation. DHA was 
added at 0 or 1 ng/mL and IGF-1 at 0 or 100 ng/mL resulting in four treatments, namely: DHA0, DHA0IGF-1, 
DHA1, DHA1IGF-1. Semen was incubated at 32°C until analysis were completed. After 30, 60 and 120 min of 
incubation total motility and progressive linear motility were assessed using Computer Assisted Sperm 
Analysis Software (CASA; Sperm Class Analyser, Microptic, Spain). After 30 min viability and acrosome 
integrity were assessed using flow cytometry (Guava easyCyte 6HT-2L, Merck Millipore, USA). Data were 
examined for normality of distribution, tested for homogeneity of variance and analysed using an Analysis of 
Variance (ANOVA) or repeated measures ANOVA in the Statistical Package for the Social Sciences (SPSS; 
version 22.0, IBM, USA). The final statistical model employed, included the main effects of treatment, 
incubation period and treatment x incubation period interaction. Post hoc tests were conducted using the 
Tukey test and P<0.05 was deemed to be statistically significant. All results are reported as the mean ± the 
standard error of the mean (s.e.m.). There were no effects of the addition of DHA and IGF-1 to thawed 
semen on any of the in vitro analysed parameters (P>0.05) with an overall post-thaw total motility of 18.4 ± 
2.61%, progressive linear motility of  4.8 ± 1.25%, viability of 23.4 ± 4.99% and acrosome integrity of the 
live population of  97.8 ± 0.55%. There was an effect of incubation period on total motility and progressive 
linear motility (P<0.05), whereas total motility and progressive linear motility decreased over time. There 
was no interaction between treatment and incubation period in both parameters (P>0.05). Contrarily, other 
researchers using in vitro addition of DHA in bull and boar semen have found improvements in sperm 
quality, especially in motility characteristics. Similarly, some studies have concluded that the in vitro 
addition of IGF-1 to ram, boar and buffalo semen increases the fertilization capacity of spermatozoa. The in 
vitro addition of IGF-1 to stallion semen was shown to promote the longevity of spermatozoa and 
supplementation of DHA in the diet improved the sperm mobility characteristics in stallion cooled and 
frozen semen. Probably stallion spermatozoa need a higher concentration of DHA and IGF-1 when they are 
added simultaneously into the extender than the concentrations tested in this experiment. More research 
should be conducted in order to test other concentrations of the combination of DHA and IGF-1 to optimize 
equine semen quality. In conclusion, the in vitro addition of DHA and IGF-1 had no effect on the quality of 
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Short Abstract:                 Flow cytometry is a highly efficient technique used for 
the biophysical characterisation of many different cell types across a range of disciplines. 
This laser based biotechnology works on the principle of scattered and excited light signal 
detection and can assess large numbers of cells in tens of seconds. This talk will provide a 
basic introduction to flow cytometry with regards both practical and theoretical uses, as well 
as the challenges, in sperm cell functional analysis. 
 
